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V 
HIGHLIGHTS AND SUMMARY 
by J o e l  S .  Watkins 
The l and ing  of t h e  Russian Luna 9 s p a c e c r a f t  on the l u n a r  s u r f a c e  
as t h i s  r e p o r t  was going t o  p r e s s  f o c u s e s  t h e  s p o t l i g h t  of immediate 
i r , t c r e s t  on two of t h e  enclosed r e p o r t s .  h e  deals  w i t h  the subs.;rface 
s t r u c t u r e  of t h e  Southern Coulee of t h e  Mono Craters, C a l i f o r n i a ,  and 
t h e  o t h e r  d e s c r i b e s  a p o s s i b l e  mechanism t o  account  f o r  t h e  mater ia l  
of extremely low d e n s i t y  thought t o  e x i s t  a t  t h e  l u n a r  s u r f a c e .  
Mono C r a t e r s  Data 
The Southern Coulee of t h e  Mono Craters of e a s t e r n  C a l i f o r n i a  i s  
one of t h e  b e s t  examples of a t e r r e s t r i a l  pumice f low.  On t h e  b a s i s  of 
s p e c u l a t i o n  by prominent g e o s c i e n t i s t s  involved i n  t h e  Space program 
t h a t  a t  least  pa r t  of t h e  mare s u r f a c e  i s  covered wi th  pumiceous rock, 
I n  S i t u  P r o j e c t  pe r sonne l  began s t u d i e s  on t h e  rocks of the Sou the rn  
Coulee i n  1964. The r e c e n t  landing of t h e  Luna 9 s p a c e c r a f t  and t h e  
p i c t u r e s  t r a n s m i t t e d  back from the  l u n a r  s u r f a c e  add weight  t o  t h e  
argument t h a t  parts of t h e  l u n a r  s u r f a c e  may indeed resemble the pumice 
of the Southern Coulee.  P i c t u r e s  of t h e  s u r f a c e  of t h i s  f l ow are  shown 
i n  f i g u r e s  1 and 2 .  F i g u r e  1 shows a g e n e r a l i z e d  view of t h e  rugged 
topography of t h e  h i g h e r  par t  of t h e  Southern Coulee and f i g u r e  2 i s  a 
c lose -up  of t h e  b locks  of pumice cove r ing  the s u r f a c e .  
The f i r s t  r e p o r t  on Southern Coulee w a s  by Loney (19641, who found 
tha t  the Southern Coulee could be l o g i c a l l y  d i v i d e d  on t h e  b a s i s  of 
morphologic o r  l i t h o l o g i c  u n i t s .  
Seismic d a t a  on Southern Coulee are few because poor t r a f f i c a b i l i t y  
on t h e  Coulee has  made i t  impossible  t o  o b t a i n  d a t a  on a l l  of Loney's 
u n i t s .  However, a v a i l a b l e  d a t a  sugges t  a r e l a t i o n  between l i t h o l o g i c  
u n i t s  (which a re  d i f f e r e n t i a t e d  p r i m a r i l y  on t h e  b a s i s  of ave rage  
d e n s i t i e s ) .  
1 
Figure 1.--Rugged topography in higher part of Southern Coulee (dome). 
Figure 2.--1nterbedded light-gray, dense pumice and black obsidian, unit 
of highest density, Southern Coulee. 
2 
Seismic sampling of major morphologic u n i t s  r evea led  a s s o c i a t e d  
s t r u c t u r e s  o r  s u b s t r u c t u r e s .  For example, a v e l o c i t y  i n c r e a s e  w a s  
d e t e c t e d  w i t h i n  t h e  dome and a d j a c e n t  parts of t h e  f low.  Depth and 
v e l o c i t y  of t h e  l a y e r s  sugges ted  a d e n s e r ,  more h i g h l y  i n d u r a t e d  rock 
_- -_  L -_ - -  LL &L--- . - - ? L -  mL- L - 1 .  
L u t L c . 3  ucucaLu LuCac u i i i ~ a .  A L I C  L a r u s  s l u p a  d i d  iiir l u w r r  p u L i i u i i  01 Lilt: 
f low showed r e l a t i v e l y  uniform v e l o c i t y  d i s t r i b u t i o n s ;  and t h e  f i n e  a sh  
f a l l  o v e r l y i n g  parts of t h e  f low was d i s t i n g u i s h e d  by a n  anomalously 
low s e i s m i c  v e l o c i t y .  
I n f e r r e d  d e n s i t i e s  and s t r u c t u r e s  were i n  g e n e r a l  compat ib le  w i t h  
l i m i t e d  c o r i n g  d a t a .  The d a t a  a l s o  i n d i c a t e  t h a t  s u f f i c i e n t  v e r t i c a l  
v e l o c i t y  d i f f e r e n c e s  ex i s t  i n  pumiceous l a v a  f lows t o  pe rmi t  d e d u c t i o n  
of u s e f u l  d e p t h  d a t a  from seismic r e f r a c t i o n  su rveys .  
Data c u r r e n t l y  a v a i l a b l e  may be of v a l u e  f o r  t e s t i n g  l u n a r  l and ing  
v e h i c l e s ,  s t u d i e s  of e x t r a t e r r e s t r i a l  v e h i c u l a r  o r  p e d e s t r i a n  a c t i v i t y  
and e v a l u a t i o n  of remote-sensing equipment. 
Dens i ty  of Lunar S u r f a c e  Materials 
Recent e x c a v a t i o n  on S P f low n o r t h  of F l a g s t a f f  s u g g e s t s  t h a t  low- 
d e n s i t y  materials, such as t h e  pumice of Mono Crater, i f  packed a s  l o o s e l y  
a s  b l o c k s  found on S P f low,  may provide an e x p l a n a t i o n  f o r  l u n a r  s u r f a c e  
d e n s i t i e s  as low as 0.3 g p e r  c c .  
Members of t h e  I n  S i t u  P r o j e c t  found t h a t  t h e  b u l k  d e n s i t y  of blocky,  
a n d e s i t i c  l a v a  l y i n g  w i t h i n  3 m of t h e  s u r f a c e  of S P f low was  on ly  1 . 2 3  
g p e r  c c ,  a l though  t h e  bu lk  d e n s i t y  of i n d i v i d u a l  b locks  w a s  2 . 2 2  g p e r  c c .  
Replacement of t h e s e  b locks  i n  t h e  same packing arrangement w i t h  b l o c k s  
of pumice from Mono C r a t e r s ,  whose measured bu lk  d e n s i t i e s  are as low as 
0.49 g p e r  c c ,  would y i e l d  an average bulk  d e n s i t y  s l i g h t l y  less t h a n  
0 . 3  g p e r  c c .  
To o b t a i n  t h e  measurements a t  S P f low,  L. A .  Walters  excavated  a 
h o l e  i n  t h e  shape of a n  i n v e r t e d ,  t runca ted  f o u r - s i d e d  pyramid w i t h  
b a s e  edge dimensions of approximately 3 m y  a l t i t u d e  3 m y  and upper ( o r  
l ower ,  depending on how one looks a t  i t )  edge dimensions of approximate ly  
1 . 5  m .  
p l a s t i c  and f i l l i n g  it  w i t h  a measured q u a n t i t y  of w a t e r .  
The volume of t h e  h o l e  w a s  determined by l i n i n g  i t  w i t h  heavy 
Sur face  
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i r r e g u l a r i t i e s  were s i m i l a r l y  taken  i n t o  account  by cove r ing  t h e  s u r f a c e  
wi th  p l a s t i c  p r i o r  t o  e x c a v a t i o n ,  t hen  f i l l i n g  t h e  p l a s t i c  t o  a p r e -  
determined l e v e l  on a sur rounding  frame.  
were removed from t h e  excava t ion .  
Blocks were weighed as they 
A similar excava t ion  w i l l  be  under taken  a t  t h e  Southern  Coulee of  
t h e  Mono Craters as soon as t h e  snow melts ( e s t ima ted  t o  occur  i n  l a t e  
May o r  e a r l y  J u n e ) .  
R e s u l t s  of Se ismic  I n v e s t i g a t i o n s  
Following t h e  d i scove ry  t h a t  SH waves could b e  d e t e c t e d  t o  t h e  
v i r t u a l  exc lus ion  of P waves by a n g u l a r  a c c e l e r o m e t e r s ,  numerous measure- 
ments have now been completed on v a r i o u s  rock u n i t s  of t h e  t e s t  s i t e s  
desc r ibed  i n  prev ious  r e p o r t s .  
Perhaps t h e  most e x c i t i n g  r e c e n t  r e s u l t s  c o n s i s t  of t h e  d i s c o v e r y  
t h a t  t h e  s h e a r  modulus and Young’s modulus of materials under  i n v e s t i -  
g a t i o n  can b e  e s t ima ted  w i t h  r easonab le  c e r t a i n t y  from t h e  shear-wave 
v e l o c i t i e s  w i thou t  c o n s i d e r a t i o n  of any of t h e  o t h e r  parameters i n d i c a -  
t ed  by e l a s t i c  t heo ry .  The f a c t  t h a t  t h e s e  moduli can b e  e s t ima ted  from 
t h e  SH-wave v e l o c i t y  i s  thought  t o  b e  r e l a t e d  t o  t h e  f a c t  t h a t  t h e  g r a n -  
u l a r  and f r a c t u r e d  materials i n v e s t i g a t e d  thus  f a r  are  n o t  t r u l y   elastic^ 
b o d i e s ,  A more d e t a i l e d  d e s c r i p t i o n  of t h e  r e l a t i o n s h i p  between t h e  
s h e a r  modulus, Young’s modulus,  and t h e  SH-wave v e l o c i t y  a re  inc luded  
i n  a subsequent  p a p e r  i n  t h i s  report .  Labora tory  d a t a  from some of t h e  
same s i t e s  y i e l d  e l a s t i c  moduli  which d i f f e r  s i g n i f i c a n t l y  from i n  si t i i  
e l a s t i c  moduli;  t h e  d i f f e r e n c e  i s  thought  t o  b e  caused by t h e  vo id  
spaces  and f r a c t u r i n g  w i t h i n  t h e  materials. 
d e f i n e d  as t h e  d r y  b u l k  d e n s i t y  d i v i d e d  by P o i s s o n ‘ s  r a t i o .  
t i v e l y ,  i t  appears  t h a t  8 i s  a f u n c t i o n  of t h e  deg ree  of f r a c t u r i n g  and 
void space i n  t h e  material .  
A parameter, 8 ,  h a s  been 
Q u a l i t a -  
Although ana lyses  are  s t i l l  p r o v i s i o n a l  and no formal r e p o r t  has  
been prepared f o r  t h i s  q u a r t e r ,  t h e  P-wave v e l o c i t y  of d r y  g r a n r r l a r  
materials appears  t o  be  p r i m a r i l y  a f u n c t i o n  of t h e  b u l k  d e n s i t y .  P r e -  
l imina ry  ana lyses  sugges t  t h a t  b u l k  d e n s i t y  can  b e  de te rmined  wi th  a 
mean r e l a t i v e  e r r o r  of about  7 p e r c e n t  f o r  rock samples  t aken  from 
e i g h t  of the  s i t e s  s tud ied  thus  f a r .  
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P- and S-wave v e l o c i t y  d a t a  have been c o l l e c t e d  t h i s  q u a r t e r  from 
t h e  Middle Mesa s i t e ,  S i e r r a  Ancha s i t e ,  a s i t e  n e a r  Kingman, Ar izona ,  
c o n s i s t i n g  of weakly conso l ida t ed  t o  unconso l ida t ed  a l luv ium;  and S-wave 
v e l o c i t y  d a t a  has  been ob ta ined  from t h e  Sonora Pass  g r a n i t e ,  t h e  Mono 
A - L  &Le C-. .&L- . - -  m e . . ? - -  --d eL- D : - L - -  m..CC 
C Z D L L ,  L L I L  L ) U U L L 1 S L l l  UUULCS C L L l U  L I L C  JJLCJLLUy L U L L .  
S t a t u s  of s t u d i e s  of programmed test  s i t e s  i s  shown i n  t a b l e  1. 
Geologic  and Phys ica l  P r o p e r t i e s  Data 
Labora tory  measurements of t h e  b u l k  d e n s i t y ,  g r a i n  d e n s i t y ,  permea- 
b i l i t y  and po re  geometry have been completed f o r  c o r e  samples t aken  from 
t h e  Amboy b a s a l t i c  l ava ,  t h e  Bishop T u f f ,  t h e  S P a n d e s i t i c  l a v a ,  and 
t h e  Sonora Pass  g r a n i t e .  These d a t a  r e p r e s e n t  t h e  c o n t i n u a t i o n  of ou r  
e f f o r t s  t o  develop a bad ly  needed c a t a l o g  of p h y s i c a l  p r o p e r t i e s  d a t a  
f o r  l u n a r  ana log  materials. Details of t h e s e  measurements and t a b u l a -  
t i o n s  of t h e  d a t a  from t h e s e  s i tes  c o n s t i t u t e  a s i g n i f i c a n t  s e c t i o n  of 
t h i s  q u a r t e r ' s  r e p o r t ,  
During t h e  q u a r t e r ,  co r ing  has  been completed a t  t h e  Kaibab tes t  
s i t e ,  and a 350- f t  c o r e  h o l e  i s  under way on t h e  s o u t h  r i m  of Meteor 
Crater. Cores from t h e  Mono Ash, Sonora Pass  g r a n i t e ,  Bishop T u f f ,  
and Southern  Coulee pumice were taken and t r a n s m i t t e d  t o  t h e  l a b o r a t o r y  
f o r  t h e  measurements mentioned above. Some sho t -ho le  d r i l l i n g  w a s  a l s o  
done f o r  s e i smic  o p e r a t i o n s .  
Pe t rog raph ic  s t u d i e s  are under way on samples  taken  from t h e  Mono 
Ash, Sonora Pass ,  and Bishop Tuff s i t e s .  
Automatic Data P rocess ing  
Se ismic  d a t a  are  c u r r e n t l y  d i g i t i z e d  i n  a format  compat ib le  w i t h  
t h e  CDC 3600 ope ra t ed  by t h e  Bureau of S tandards  i n  Boulder ,  Colorado.  
The I n  S i t u  P r o j e c t  has  a c c e s s  t o  t h i s  computer f o r  p rocess ing  a l l  d a t a  
as w e l l  as a c c e s s  t o  IBM 1620 w i t h  DISCPACK a t  Arizona S t a t e  Col lege  
i n  F l a g s t a f f ,  Arizona.  The IBM 1620 i s  used p r i m a r i l y  f o r  w r i t i n g  and 
debugging programs.  a l though  l imi t ed  d a t a  can be  processed on t h i s  if 
prepa red  i n  card  form. 
With in  t h e  nex t  q u a r t e r  i t  i s  hoped t h a t  p h y s i c a l  p r o p e r t i e s  d a t a  
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Table 1 . - - S t a t u s  of l u n a r  ana log  s i t e  s t u d i e s  
Seismic Geologic Phys . 
S i t e  Data Map Cores Petrography Prop. 
Kana-a flow X X X X X 
Cinder H i l l s  X 0 4 4 I 
s P flow X X 4 X X 
Kaibab Limestone 
Mono Ash 
Sou the rn  Coulee 
Bishop Tuff  
Sonora Pass 
Amboy flow 
Pisgah f l m  
Meteor C r a t e r  
Middle Mesa 
S ie r r a  Ancha 
Kingman al luvium 
X 0 X 
X 0 X 
X X X 
X 0 X 
X 0 X 
X 12  I 
X / 2  











1 2  
I 2  I 
I 6 
X = complete.  
/ = p a r t i a l l y  complete .  
0 = n o t  a p p l i c a b l e  
1 = g r a v i t y ,  magnetic and r a d i a t i o n  s u r v e y s  a re  a l s o  under way.  
2 = r e l a t i v e l y  complete r e p o r t s  a v a i l a b l e  from o t h e r  s o u r c e s  
3 = s u r f a c e  sample d a t a ,  no c o r e  d a t a  as y e t  
4 = no adequate  means o f  c o r i n g  e x i s t s ,  pe t rog raphy  m u s t  be  done  from 
s u r f a c e  samples.  
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- L '  . 
w i l l  be committed t o  punch c a r d s  and t h a t  t h e  programs necessa ry  t o  
perform s t a t i s t i c a l  a n a l y s e s  required f o r  t h e s e  d a t a  w i l l  b e  w r i t t e n ,  
Some programs a l r e a d y  i n  e x i s t e n c e  i n  v a r i o u s  l i b r a r i e s  can be modi f ied  
t o  meet p r o j e c t  needs ;  o t h e r  programs must be  w r i t t e n .  
Bxisiing p r o g L ~ l l l ~  ~ C ~ I G Z ~  2 ' ~ c r i . s ~  : ra ; ;z . f~~,s  Ecr yk"2:-:s c?f vrl_ririno J - - -O 
s i z e ,  a u t o c o r r e l a t i o n  f u n c t i o n ,  c r o s s - c o r r e l a t i o n  f u n c t i o n ,  and a v e l o c i t y  
f i l t e r  program. 
A d i g i t a l  f i l t e r i n g  program i s  being developed and we have ob ta ined  from 
D r .  H a r k r i d e r ,  fo rmer ly  of t h e  C a l i f o r n i a  I n s t i t u t e  of Technology, pro-  
grams f o r  a n a l y s i s  of s u r f a c e  waves. Some minor changes are s t i l l  
r e q u i r e d  t o  a d a p t  t h e s e  programs t o  t h e  CDC 3600. 
These programs provide an a u t o m a t i c a l l y  p l o t t e d  g raph .  
Meteor Crater 
I n  a d d i t i o n  t o  c o r i n g  on t h e  south r i m  of Meteor Crater, Ar i zona ,  
p r o j e c t  personnel  have conducted r e f r a c t i o n  and r e f l e c t i o n  s t u d i e s  of 
r i m  and s u b c r a t e r  s t r u c t u r e s .  Travel  t i m e  d e l a y s  bo th  on t h e  r i m  and 
i n  t h e  c r a t e r  have been i n t e r p r e t e d  i n  terms of l i m i t i n g  d e p t h s  of 
p u l v e r i z a t i o n  and b r e c c i a t i o n .  Anomalously low v e l o c i t i e s  benea th  t h e  
ove r tu rned  and b r e c c i a t e d  material of t h e  s o u t h  r i m  and t r a v e l - t i m e  
d e l a y s  sugges t  t h a t  moderate f r a c t u r i n g  may extend s e v e r a l  hundred 
meters beyond t h e  r i m  of t h e  c r a t e r .  Extreme f r a c t u r i n g  and p u l v e r i z a -  
t i o n  are thought t o  be l i m i t e d  t o  over turned  r i m  d e p o s i t s  and materials 
w i t h i n  t h e  c r a t e r .  
A few d i s c o n t i n u o u s  r e f l e c t i o n s  were observed i n  t h e  sou th  r i m  
materials. 
Ref e r ence  
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of i n  s i t u  p h y s i c a l  p r o p e r t i e s  of s u r f a c e  and s u b s u r f a c e  s i t e  
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FIELD VERIFICATION OF I N  SITU PHYSICAL PROPERTIES 
by Carl H. Roach and Gordon R. Johnson 
ABSTRACT.--Bulk d e n s i t i e s ,  g r a i n  d e n s i t i e s  , p o r o s i t i e s  , e f f e c t i v e  
p o r o s i t i e s ,  and p e r m e a b i l i t i e s  have been determined f o r  c o r e  samples  
ob ta ined  from b a s a l t i c  l a v a  n e a r  Amboy, C a l i f o r n i a ,  r h y o l i t i c  t u f f  n o r t h  
of Bishop,  C a l i f o r n i a ,  g r a n i t e  from Sonora Pass  i n  t h e  S i e r r a  Nevada of 
c a s t c r n  C a l i f c m i z ,  pumice from the Southern  Coulee of Mons C r a t e r s ,  
C a l i f o r n i a ,  and a n d e s i t i c  b a s a l t  from S P f low n o r t h  of F l a g s t a f f ,  
Ar izona .  These parameters  have been r e l a t e d  t o  l o c a l  v a r i a t i o n s  i n  
g e o l o g i c  s t r u c t u r e  and c o n s t i t u t e  an i n i t i a l  e f f o r t  i n  t h e  compi l a t ion  
of p h y s i c a l  p r o p e r t i e s  of a s u i t e  of p robable  l u n a r  ana log  rock types  
and s t r u c t u r e s .  
A b r i e f  d e s c r i p t i o n  of techniques  precedes  d i s c u s s i o n  of r e s u l t s .  
I n t r o d u c t i o n  
The purpose of t h e  f i e l d  v e r i f i c a t i o n  of i n  s i t u  p h y s i c a l  p roper -  
t i e s  i n v e s t i g a t i o n s  i s  t o  e s t a b l i s h  t h e  eng inee r ing -geophys ica l  prop- 
er t ies  of s u r f a c e  and n e a r - s u r f a c e  rock m a t e r i a l s  i n  t e r r e s t r i a l  geo log ic  
envi ronments .  These environments were chosen t o  r e p r e s e n t  p o s s i b l e  
ana logs  t o  l u n a r  environments t h a t  may be  s e l e c t e d  f o r  E a r l y  Apol lo  
l and ing  s i tes .  More s p e c i f i c a l l y ,  t h e  eng inee r ing  p r o p e r t i e s  p e r t a i n -  
i n g  t o  s u r f a c e  b e a r i n g  s t r e n g t h  and g e n e r a l  t r a f f i c a b i l i t y  of l u n a r  
s u r f a c e  materials are be ing  emphasized t o  provide  d a t a  needed f o r  t h e  
s a f e  completion of Ea r ly  Apollo mis s ions .  
The method of s tudy  w i l l  be  t o  t a k e  s u f f i c i e n t  a n a l y t i c a l  equip-  
ment t o  f i e l d  l o c a t i o n s  ( i n  mobile l a b o r a t o r i e s )  t o  conduct d e t a i l e d  
p h y s i c a l  p r o p e r t i e s  i n v e s t i g a t i o n s  of t e r r e s t r i a l  m a t e r i a l s .  These 
t e s t  s i t e  i n v e s t i g a t i o n s  w i l l  be comprehensive enough t o  a l l o w  r i g o r o u s  
a n a l y s i s  of a l l  p h y s i c a l  and chemical d a t a  by s t a t i s t i c a l  t echn iques  
( a n a l y s i s  of v a r i a n c e ,  t r end  a n a l y s i s ,  and m u l t i p l e  r e g r e s s i o n  a n a l y s i s ) ,  
s o  t h a t  t h e  i n t e r r e l a t i o n s  and n a t u r a l  v a r i a b i l i t y  of t h e  p h y s i c a l  
p r o p e r t i e s  can be s c i e n t i f i c a l l y  determined and p r o p e r l y  r e l a t e d  t o  t h e  
t e r r e s t r i a l  geo log ic  envi ronment ,  
During t h i s  r e p o r t  p e r i o d ,  most of t h e  e f f o r t  was g i v e n  t o  completing 
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p h y s i c a l  p r o p e r t i e s  measurements on d r i l l  c o r e s  p r e v i o u s l y  o b t a i n e d .  
More e x t e n s i v e  a n a l y s i s  of t h e  p h y s i c a l  p r o p e r t i e s  of t h e s e  rocks  w i l l  
be  conducted i n  t h e  f u t u r e .  The r e s u l t s  p re sen ted  i n  t h i s  r e p o r t  t hen  
are  only  i n i t i a l  s t e p s  i n  t h e  p rocess  of i n v e s t i g a t i n g  t h e  engineer ing-  
geophys ica l  p r o p e r t i e s  of rock materials from t h e s e  s i t e s .  
P h y s i c a l  P r o p e r t i e s  Techniques 
P o r o s i t y - d e n s i t y  measurements 
P o r o s i t y  can be d e f i n e d  as t h a t  f r a c t i o n  of t h e  b u l k  volume of a 
rock t h a t  i s  vo id  space .  
t h e  b u l k  volume of a s a m p l e  and e i t h e r  i t s  g r a i n  volume o r  pore  volume, 
bu lk  and g r a i n  d e n s i t y  measurements are u s u a l l y  ob ta ined  as p o r o s i t y  
i s  determined.  P o r o s i t y ,  i n  p e r c e n t ,  i s  determined by e i t h e r  of t h e  
S ince  p o r o s i t y  i s  t h e  r e l a t i o n s h i p  between 
fo l lowing  equa t ions :  
b u l k  volume - g r a i n  volume 
b u l k  volume % p o r o s i t y  = 100 x 
o r  
o r e  volume , 
Eulk  volume ' loo 'X p o r o s i t y  = 
r a i n  volume 
% p o r o s i t y  = loo - Eulk  volume 1. 
I n  t h e  above equa t ions  t h e  g r a i n  and b u l k  d e n s i t i e s ,  i f  known, may b e  
s u b s t i t u t e d  f o r  t h e  g r a i n  and b u l k  volumes r e s p e c t i v e l y .  
There are  two types  of p o r o s i t y - - t o t a l  and e f f e c t i v e .  The e f f e c -  
t i v e  p o r o s i t y  accounts  f o r  on ly  those  po res  which a re  i n t e r c o n n e c t e d ,  
r e g a r d l e s s  of t h e  l e n g t h  o r  complexi ty  of t h e  connec t ions .  I n  many 
rocks t h e r e  are pores  which are  p h y s i c a l l y  i s o l a t e d  from o t h e r  pore  
s p a c e s .  These p o r e s ,  i n  a d d i t i o n  t o  the i n t e r c o n n e c t e d  pore  spaces  
c o n s t i t u t e  t h e  t o t a l  p o r o s i t y .  
t o t a l  p o r o s i t y  t h e  samples m u s t  b e  p u l v e r i z e d  enough t o  d e s t r o y  a l l  
minute i s o l a t e d  pore spaces  so  t h a t  a c c u r a t e  g r a i n  d e n s i t y  o r  g r a i n  
volume measurements may b e  made. 
To o b t a i n  a c c u r a t e  d e t e r m i n a t i o n s  of 
To determine t h e  t o t a l  p o r o s i t y  of s a m p l e s  f rom v a r i o u s  t e s t  s i t e s ,  
t h e  bu lk  and g r a i n  d e n s i t i e s  were a s c e r t a i n e d  on 2- t o  3 - i n c h  segments 
of NX core (2 .1 - inch  d i a m e t e r ) .  The c o r e  segments were f i r s t  d r i e d  a t  
L O  
1 0 5 O C  f o r  48 hours t o  e l i m i n a t e  the m o i s t u r e  i n  t h e  rocks .  
weights  ( i n  grams) of t h e  samples were nex t  o b t a i n e d  and ,  f i n a l l y ,  t h e  
volumes ( i n  cub ic  c e n t i m e t e r s )  were de te rmined  by d i r e c t  measurement 
w i t h  c a l i p e r s .  The b u l k  d e n s i t i e s  ( i n  grams p e r  cub ic  c e n t i m e t e r )  were 
The d r y  
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were determined by p u l v e r i z i n g  t h e  s a m p l e s ,  weighing t h e  powder, and 
o b t a i n i n g  t h e  volume of t h e  powder by a l i q u i d  d isp lacement  t echn ique .  
More s p e c i f i c a l l y ,  t h e  method w a s  as f o l l o w s :  A 50-ml vo lumet r i c  f l a s k  
w a s  e x a c t l y  f i i l e d  w i t h  a s u i t a b l e  l i q u i d  such as kerosene .  ' h e  f i a s k  
and kerosene  were weighed on an a n a l y t i c a l  b a l a n c e  and t h i s  weight  w a s  
recorded as W 
About 10 g of t h e  powdered s a m p l e  was added and t h e  f l a s k  and powder 
were weighed. 
we igh t s  w a s  recorded  as W The f l a s k  w a s  t h e n  s u b j e c t e d  t o  a vacuum 
f o r  about  30 minutes  t o  e x p e l  any t r apped  a i r  from around t h e  g r a i n s .  
A f t e r  removal from t h e  vacuum chamber t h e  f l a s k  w a s  a g a i n  e x a c t l y  f i l l e d  
w i t h  kerosene  and weighed. This  weight w a s  recorded  as W The formula 3'  
used f o r  de t e rmin ing  t h e  d e n s i t y  of t h e  powdered sample was 
The f l a s k  was then p a r t i a l l y  emptied and weighed a g a i n .  1' 
The d i f f e r e n c e  between empty f l a s k  and f l a s k  p l u s  powder 
2 '  
w 9 
L 
w1 + w2 - w3 g r a i n  d e n s i t y  = 
"rb-A...&- c n n P i  f i  P n r ~ ~ r i  t - 7  
of kerosene  
(3) 
The s p e c i f i c  g r a v i t y  of kerosene i s  b e s t  determined by running a 
ke rosene  b l ank  w i t h  a b a t c h  of about 12  s a m p l e s .  
f l a s k  i s  weighed empty and f u l l .  
t o  a n  e x a c t  volume t h e  d i f f e r e n c e  i n  t h e s e  two we igh t s  d i v i d e d  by t h e  
c a l i b r a t e d  volume i s  equa l  t o  t h e  s p e c i f i c  g r a v i t y  of t h e  kerosene .  
The kerosene  b l ank  
I f  t h i s  f l a s k  i s  p r e v i o u s l y  c a l i b r a t e d  
Kerosene i s  used f o r  g r a i n  d e n s i t y  d e t e r m i n a t i o n s  because  of i t s  
g r e a t  a f f i n i t y  f o r  w e t t i n g  t h e  g r a i n  s u r f a c e s  and because  i t  i s  r e a d i l y  
a v a i l a b l e  and inexpens ive .  
d u r e  can cause  small bu t  s i g n i f i c a n t  e r r o r s  i n  t h e  weighings due t o  
v a r i a t i o n s  i n  t h e  d e n s i t y  of kerosene and small v a r i a t i o n s  i n  volume of 
t h e  flasks a t  d i f f e r e n t  temperatures .  For t h i s  r eason ,  a c o n s t a n t  t e m -  
p e r a t u r e  b a t h  would improve t h e  p r e c i s i o n  of t h i s  method of o b t a i n i n g  
Temperature f l u c t u a t i o n s  du r ing  t h e  proce-  
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g r a i n  d e n s i t y .  
g e n e r a l l y  r ep roduc ib le  w i t h i n  about  f 0.03 g p e r  c c  by t h e  p r e s e n t  
N e v e r t h e l e s s ,  g r a i n  d e n s i t i e s  of 2 t o  3 g p e r  cc  a r e  
procedure .  
A f t e r  t h e  g r a i n  and b u l k  d e n s i t i e s  have been de te rmined ,  t h e  t o t a l  
p o r o s i t i e s  of t h e  samples can b e  computed by s u b s t i t u t i n g  t h e s e  d e n s i t i e s  
f o r  bu lk  and g r a i n  volumes r e s p e c t i v e l y  i n  e i t h e r  e q u a t i o n  (1) o r  (2) as 
fo l lows  : 
r a i n  d e n s i t y  - bu lk  d e n s i t y  t o t a l  p o r o s i t y  = 100 x F 
g r a i n  d e n s i t y  
o r  
bu lk  d e n s i t y  . 
t o t a l  p o r o s i t y  = 100 ( 1 - g r a i n  d e n s i t y  
E f f e c t i v e  p o r o s i t y  can be  measured i n  a number of ways, b u t  a l l  
methods involve i n j e c t i n g  a gas  o r  l i q u i d  i n t o  t h e  open pores  o r  remov- 
ing  and measuring t h e  a i r  from t h e  pore  s p a c e s .  
f o r  measuring e f f e c t i v e  p o r o s i t y  of many rock types  i s  t h e  Ruska f i e l d  
porometer (model 1070). 
b lock  t o  which i s  a t t a c h e d  a me te r ing  c y l i n d e r  and p i s t o n  assembly w i t h  
a measuring screw and micrometer  s l e e v e  f o r  measuring d i sp lacemen t  v o l -  
umes. A core sample i s  p laced  i n t o  a cup which i n  t u r n  i s  connected t o  
t h e  manifold s o  as t o  b e  a i r t i g h t .  The p r e s s u r e  i s  r a i s e d  t o  a r e f e r e n c e  
p r e s s u r e  by screwing i n  t h e  micrometer  s l e e v e .  
p r o p o r t i o n a l  t o  t h e  g r a i n  volume, i s  recorded  as "R co re . "  
sample i s  then immersed i n  a mercury pycnometer,  and t h e  d i s p l a c e d  
mercury,  which i s  equa l  t o  t h e  bu lk  volume of t h e  c o r e ,  i s  measured i n  
t h e  same manner as t h e  c o r e .  
t o  t h e  bulk volume of t h e  core, i s  recorded  as "R hg." 
A convenient  i n s t rumen t  
The f i e l d  porometer c o n s i s t s  of a mani fo ld  
This  r e a d i n g ,  which i s  
The c o r e  
The mercury r e a d i n g ,  which i s  p r o p o r t i o n a l  
An a l t e r n a t e  and s i m p l e r  method of o b t a i n i n g  R hg i s  t o  f i n d  t h e  
c a l i p e r e d  bulk  volume of t h e  c o r e  s a m p l e  and de te rmine  t h e  R hg number 
from a c a l i b r a t i o n  c h a r t  s u p p l i e d  w i t h  t h e  i n s t r u m e n t .  This a l t e r n a t e  
method of o b t a i n i n g  R hg i s  e s p e c i a l l y  u s e f u l  i n  rocks  w i t h  l a r g e  pores  
t h a t  admit mercury and i n t r o d u c e  e r r o r .  
Since R co re  and R hg a r e  p r o p o r t i o n a l  t o  t h e  g r a i n  and b u l k  volumes 
of t h e  core ,  t h e  p o r o s i t y  can  be  de te rmined  by s u b s t i t u t i n g  t h e s e  v a l u e s  
1 2  
i n  equa t ion  (2) g i v i n g  t h e  equa t ion  
R c o r e  
> *  R hg 
% e f f e c t i v e  p o r o s i t y  = 100 ( 1 - 
The Ruska f i e l d  porometer i s  a r e l i a b l e  and r easonab ly  r e p r o d u c i b l e  
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t echniques  i n  t h a t  i t  i s  nondes t ruc t ive  t o  t h e  s a m p l e .  I n  some rock 
t y p e s ,  such as v e s i c u l a r  l a v a ,  t h e  porometer i s  e s p e c i a l l y  u s e f u l  s i n c e  
good p o r o s i t y  measurements on t h i s  t ype  of rock a re  d i f f i c u l t  t o  o b t a i n  
by most o t h e r  t echn iques .  
Permeab i li t v  measurements 
Pe rmeab i l i t y  i s  a measure of t he  a b i l i t y  of a porous material  t o  
t r a n s m i t  f l u i d s .  Pe rmeab i l i t y  of rocks i s  expressed  i n  d a r c y s  o r ,  more 
commonly, m i l l i d a r c y s .  A rock having a pe rmeab i l i t y  of 1 da rcy  w i l l  
t r a n s m i t  1 m l  per  second of a f l u i d  of 1 c e n t i p o i s e  v i s c o s i t y  through 
a c r o s s - s e c t i o n a l  area of 1 cm under a p r e s s u r e  g r a d i e n t  of 1 a t m .  
It i s  assumed t h a t  as long as t h e  f low i s  v i s c o u s ,  p e r m e a b i l i t y  of a 
rock  i s  independent  of t h e  f l u i d  being used .  However, most l i q u i d s  
i n t e r a c t  w i t h  t h e  rock material and t h e  p e r m e a b i l i t y  thus  measured i s  
commonly lower than  t h e  pe rmeab i l i t y  measured u s i n g  a d r y  g a s .  Any 
m o i s t u r e  w i t h i n  a rock may r e a c t  wi th  a g a s ,  and a lower p e r m e a b i l i t y  
measurement r e s u l t s .  P e r m e a b i l i t y ,  t h e n ,  measured on a d r i e d  rock  
specimen us ing  a d r y  gas  i s  u s u a l l y  t h e  maximum v a l u e  t h a t  can be  ob- 
ca ined  and i s  r e f e r r e d  t o  as t h e  "absoiute '!  p e r m e a b i i i t y .  
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G a s  pe rmeab i l i t y  measurements were made on a l l  small  c o r e s  f o r  
which p o r o s i t y  was measured w i t h  a Ruska g a s  permeameter (model 1011).  
Th i s  i n s t rumen t  c c n s i s t s  b a s i c a l l y  of a c o r e  h o l d e r ,  t h r e e  c a l i b r a t e d  
f lowmeters , a h a n d - c a l i b r a t e d  Bourdon tube  p r e s s u r e  gauge , and a p r e s s u r e  
r e g u l a t o r  w i t h  a gas  i n l e t .  These components are mounted and permanently 
i n t e r c o n n e c t e d  on a b a k e l i t e  panel .  The co res  are  s e a l e d  w i t h  rubber  
s t o p p e r s  i n  t h e  c o r e  h o l d e r  s o  t h a t  any gas  e n t e r i n g  must pass through 
t h e  l e n g t h  of t h e  co re  b e f o r e  escaping t o  t h e  atmosphere.  
The Ruska gas  permeameter has  a p e r m e a b i l i t y  range from about  0.4 
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m i l l i d a r c y  t o  5 d a r c y s .  The pe rmeab i l i t y  i s  c a l c u l a t e d  by u s i n g  t h e  
formula 
where 
(K) = P e r m e a b i l i t y  i n  d a r c y s ;  
p 
Q 
= V i s c o s i t y  i n  c e n t i p o i s e s  of t h e  gas  used ;  
= Average rate of f low i n  cub ic  c e n t i m e t e r s  p e r  second i n  t h e  
- 
s a m p l e  d e r i v e d  from t h e  flowmeter r e a d i n g ;  
L 
A = C r o s s - s e c t i o n a l  area of sample i n  squa re  c e n t i m e t e r s ;  
P 
= Length of sample i n  centimeters; 
= P r e s s u r e  g r a d i e n t  i n  atmospheres as i n d i c a t e d  by t h e  p r e s s u r e  
gauge. 
Ni t rogen  i s  most commonly used s i n c e  i t  i s  s a f e  and n o n r e a c t i v e  i n  
t h e  rocks.  
measurement. 
F r i a b l e  rocks can b e  mounted i n  s e a l i n g  wax t o  f a c i l i t a t e  
Liquid p e r m e a b i l i t y  measurements were made on some c o r e  s a m p l e s  
w i th  a Ruska l i q u i d  permeameter (model 1013) .  
i n  appearance t o  t h e  gas  permeameter, c o n s i s t s  b a s i c a l l y  of a c o r e  h o l d e r  
w i t h  a f i l l  connec t ion ,  c u t o f f  v a l v e  and b u r e t t e  suppor ted  by i t s  lower 
end i n  t h e  c o r e  h o l d e r  and by i t s  upper end i n  a d i s c h a r g e - f i l l  v a l v e  t o  
which t h e  g a s  p r e s s u r e  l i n e  from t h e  p r e s s u r e  r e g u l a t o r  i s  connec ted .  
Pe rmeab i l i t y  measurements are made by de te rmin ing  t h e  t i m e  necessa ry  
f o r  a s p e c i f i c  amount of l i q u i d  a t  a g i v e n  t empera tu re  t o  pass through 
t h e  c o r e  when a g iven  p r e s s u r e  g r a d i e n t  i s  a p p l i e d .  
i s  s e a l e d  i n  t h e  c o r e  h o l d e r  w i t h  a rubbe r  s t o p p e r  as i n  t h e  gas  
permeameter. 
Th i s  i n s t r u m e n t ,  s imilar 
The c o r e  sample  
The formula f o r  c a l c u l a t i n g  t h e  l i q u i d  p e r m e a b i l i t y  i s  
where 
K = P e m e a b i l i t y  i n  d a r c y s ;  
)I = V i s c o s i t y  i n  c e n t i p o i s e s  of t h e  l i q u i d  used  f o r  making t h e  
measurements ; 
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V = Volume of l i q u i d  ( i n  cubic  c e n t i m e t e r s )  t r a n s m i t t e d  through 
sample; 
L = Length of s a m p l e  i n  c e n t i m e t e r s ;  
A = , C r o s s - s e c t i o n a l  area of the sample  i n  squa re  c e n t i m e t e r s ;  
P = P r e s s u r e  g r a d i e n t  i n  atmospheres as read on t h e  p r e s s u r e  gmige: 
T = Time  i n  seconds f o r  t h e  f i x e d  volume of l i q u i d  t o  f low through 
t h e  sample. 
To minimize chemical i n t e r a c t i o n s  between l i q u i d  and rock m a t e r i a l s ,  
t a p  water ( r a t h e r  than d i s t i l l e d  water) vas ussd t o  measure t h e  permea- 
b i l i t i e s  of samples s t u d i e d .  However, r e s u l t i n g  p e r m e a b i l i t i e s  w e r e  
low when compared w i t h  the gas  p e r m e a b i l i t i e s  of t h e  same samples .  A l s o ,  
r e p r o d u c i b l e  l i q u i d  p e r m e a b i l i t i e s  could  n o t  b e  as e a s i l y  o b t a i n e d  as 
could r e p r o d u c i b l e  gas  p e r m e a b i l i t i e s .  Because of t h e s e  f a c t o r s ,  l i q u i d  
p e r m e a b i l i t y  measurements were n o t  emphasized du r ing  t h e  p r e s e n t  pe r iod .  
C a p i l l a r y  p r e s s u r e  cu rves  
C a p i l l a r y  p r e s s u r e  curves  can be  ob ta ined  by f o r c i n g  mercury a t  
v a r i o u s  p r e s s u r e  increments  i n t o  the  evacuated  pores  of a rock s a m p l e ,  
and p l o t t i n g  t h e  pressure-volume r e l a t i o n s h i p .  The in s t rumen t  used by 
t h e  U.S. Geolog ica l  Survey i s  a Ruska P u r c e l l - t y p e  c a p i l l a r y  p r e s s u r e  
nnn=ratxs - - c r - -  (model ICS2.f) , w h i c h  c u i i s i s i s  of a Rusica 100-cc vo lumet r i c  
pump w i t h  a h i g h - p r e s s u r e  pycnometer a t t a c h e d  t o  t h e  pump. 
m e t r i c  measuring u n i t  i s  a t t a c h e d  t o  a vacuum and p r e s s u r e  c o n t r o l  
assembly by means of a f l e x i b l e  h igh -p res su re  h s e .  The v o l u m e i r i c  
pump has  a p r e c i s i o n  meter ing  p lunger  and meter ing  screw. A movable 
pump s c a l e  and hand wheel micrometer d i a l  p e r m i t  d i r e c t  volume r e a d i n g s  
t o  0.01 cc and i n d i c a t e  volume of mercury added t o  o r  withdrawn from t h e  
pycnometer by movement of t h e  plunger .  
This vo lu -  
C a p i l l a r y  p r e s s u r e  measurements are o b t a i n e d  by p l a c i n g  a sample 
( u s u a l l y  a c o r e  1 inch  i n  d i ame te r  and 1 inch  long)  i n  t h e  pycnometer 
and evacua t ing  t h e  system t o  an a b s o l u t e  p r e s s u r e  of 20 microns .  A f t e r  
t h e  vacuum v a l v e  i s  c l o s e d ,  t h e  pycnometer i s  f i l l e d  w i t h  mercury by 
advancing  t h e  meter ing  p lunge r ,  and t h e  bu lk  volume of t h e  sample i s  read 
d i r e c t l y  on t h e  pump s c a l e  and micrometer d i a l .  The pump s c a l e  and d i a l  
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are reset  t o  ze ro  and t h e  p r e s s u r e  i n  t h e  system i s  r a i s e d  t o  a conven- 
i e n t  l e v e l .  
mercury i n j e c t e d  i n t o  t h e  sample and t h e  volume of mercury i n j e c t e d  i s  
read  d i r e c t l y  on t h e  d i a l .  The p r e s s u r e  i s  a g a i n  r a i s e d  i n  increments  
and t h e  volume of mercury i n j e c t e d  a t  each increment  i s  recorded u n t i l  a 
d e s i r e d  upper p r e s s u r e  i s  reached .  The system i s  des igned  t o  o p e r a t e  up 
t o  150 a t m  a b s o l u t e .  
The meter ing  p lunger  i s  n e x t  a d j u s t e d  t o  compensate f o r  t h e  
C a p i l l a r y  p r e s s u r e  cu rves  are a convenient  method t o  s tudy  po re  s i z e  
A l s o ,  s i n c e  t h e  mercury w i l l  invade d i s t r i b u t i o n  of v a r i o u s  rock t y p e s .  
v i r t u a l l y  any open pore  i n  most s a m p l e s ,  a c c u r a t e  e f f e c t i v e  p o r o s i t y  
measurements can be  d i r e c t l y  ob ta ined  on t h e  a p p a r a t u s .  However, on ly  
two o r  t h r e e  pressure-volume cu rves  can b e  ob ta ined  from t h e  c a p i l l a r y  
p r e s s u r e  appa ra tus  p e r  day ,  so  t h i s  method cannot  b e  conven ien t ly  used 
f o r  r o u t i n e  measurement of p o r o s i t y .  P o r o s i t i e s  ob ta ined  on t h e  appa ra tus  
can b e  u s e f u l  though as c o n t r o l  f o r  t h e  less precise p o r o s i t y  measurements 
ob ta ined  on the Ruska f i e l d  porometer  d e s c r i b e d  ear l ie r  i n  t h i s  r e p o r t .  
R e s u l t s  of P h y s i c a l  P r o p e r t i e s  Measurements 
Resu l t s  of p h y s i c a l  p r o p e r t i e s  measurements of c o r e  s a m p l e s  p re -  
v i o u s l y  obta ined  from d r i l l  c o r e s  a t  a number of t e s t  s i t e s  i n  t h e  
wes te rn  United S t a t e s  have been assembled f o r  i n t e r p r e t a t i o n  and are 
d i s c u s s e d  by l o c a l i t y  below. 
Mass p h y s i c a l  p r o p e r t i e s  such  as p o r o s i t y ,  d r y  b u l k  d e n s i t y ,  g r a i n  
d e n s i t y ,  n i t r o g e n  pe rmeab i l i t y  , and mercury c a p i l l a r y  p r e s s u r e  cu rves  
were obta ined  on c o r e  s a m p l e s  from each  s i t e  s t u d i e d  i n  o r d e r  t o  deve lop  
methods of c l a s s i f y i n g  t h e  pore  geometry of each rock  t y p e  be ing  s t u d i e d .  
A method of c l a s s i f y i n g  t h e  pore  geometry of a porous rock  i s  d e s i r a b l e  
s o  t h a t  i n t e r r e l a t i o n s h i p s  between po re  geometry and b e a r i n g  s t r e n g t h  
can be b e t t e r  unders tood .  
A t  each s i t e ,  two types  of s a m p l e s  were s e l e c t e d  f o r  p h y s i c a l  prop- 
e r t i e s  measurements. Segments of NX-diameter c o r e  2 t o  3 inches  long  
were s e l e c t e d  t o  o b t a i n  b u l k  d e n s i t y  and p o r o s i t y  measurements t h a t  
would b e s t  r e p r e s e n t  t h e  p o r o s i t y  and d e n s i t y  of t h e  rocks  i n  s i t u .  
Two s m a l l  c o r e s  1 inch  long and 1 i n c h  i n  d i a m e t e r  were removed from 
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each  of t h e s e  l a r g e r  c o r e  samples f o r  s tudy ing  t h e  i n t e r r e l a t i o n s h i p s  
between p o r o s i t y ,  d e n s i t y ,  and n i t r o g e n  p e r m e a b i l i t y .  These two s m a l l e r  
co res  were taken  paral le l  and pe rpend icu la r  t o  t h e  a x i s  of t h e  d r i l l  
c o r e .  The d i r e c t i o n a l  c o r e s  were ob ta ined  t o  de t e rmine  i f  t h e  permea- 
f ? i A ; _ C > ?  pyxas %rect:c-z11y ..=r.trcll& vitt;; t h e  zficks il, y i i u .  
Amboy b a s a l t  
The b e s t  e s t i m a t e  of t h e  i n  s i t u  p o r o s i t y  and d r y  bulk  d e n s i t y  of 
b a s a l t  a t  t h e  Amboy s i t e  can be obta ined  from p h y s i c a l  measurements of 
segments of t h e  NX c o r e s  ob ta ined  du r ing  d r i l l i n g  o p e r a t i o n s  a t  t h i s  
s i t e .  NX c o r e s  are t h e  l a r g e s t  samples a v a i l a b l e  f o r  p h y s i c a l  measure- 
ments ,  and t h e i r  u s e  g r e a t l y  reduces e r r o r s  r e l a t e d  t o  n a t u r a l  v a r i a -  
b i l i t y  ove r  ve ry  s m a l l  d i s t a n c e s .  
were made on a number of NX c o r e  samples ob ta ined  from each of f o u r  
d r i l l  h o l e s  a t  t h e  Amboy s i te .  Data are t a b u l a t e d  i n  t a b l e  1. P h y s i c a l  
measurements on 29 NX c o r e  samples show t h a t  t h e  d r y  b u l k  d e n s i t y  v a r i e s  
from 1.80 t o  2.79 g p e r  c c  and has  an ave rage  of 2.43 g p e r  c c .  
p o r o s i t y  of t h e s e  NX c o r e s  v a r i e s  from a low of 4 .2  t o  a h igh  of 37.7 
p e r c e n t ,  and t h e  ave rage  p o r o s i t y  is 17.0 p e r c e n t .  I n  each  of t h e  f o u r  
d r i l l  h o l e s ,  c o r e  samples n e a r  t h e  ground s u r f a c e  tend t o  have a h i g h e r  
p o r o s i t y  and a lower d r y  b u l k  d e n s i t y  than  t h o s e  from g r e a t e r  dep ths  
( t a b l e  1). 
h i g h  probably because  t h e  d r i l l  holes  s t a r t e d  n e a r  t h e  tops  of i n d i v i d u a l  
f lows  and t h e r e f o r e  would n a t u r a l l y  have h i g h e r  o r i g i n a l  p o r o s i t i e s  be-  
cause  of gas  e v o l u t i o n  o r  v e s i c u l a t i o n  a long  t h e  tops  of  t h e  f lows as 
t h e y  cooled when exposed t o  t h e  atmosphere. 
Dens i ty  and p o r o s i t y  measurements 
The 
The p o r o s i t y  n e a r  t h e  ground s u r f a c e  i n  each d r i l l  h o l e  i s  
Small c o r e s  w e r e  taken  normal and para l le l  t o  t h e  NX c o r e  a x i s  t o  
de t e rmine  i f  t h e  b a s a l t  at  t h e  Amboy s i t e  had any d i r e c t i o n a l  permea- 
b i l i t y  and if t h e r e  i s  a r e l a t i o n  between p e r m e a b i l i t y  and p o r o s i t y  on 
t h e  same c o r e  specimen. The r e s u l t s  of t h e  p h y s i c a l  measurements on 
t h e s e  small o r i e n t e d  c o r e s  i n d i c a t e  t h e  fo l lowing :  (1) b a s a l t  w i t h  
measurable  p e r m e a b i l i t y  occur s  i n  the upper  p o r t i o n s  of each d r i l l  h o l e  
and ex tends  t o  a dep th  of about 20 fee t  o n l y ;  ( 2 )  a comparison of t h e  
p e r m e a b i l i t y  of p a r a l l e l  and normal c o r e s  i n d i c a t e s  t h a t  t h e  b a s a l t  
1 7  
h a s  no pronounced d i r e c t i o n a l  p e r m e a b i l i t y ,  and (3) t h e r e  seems t o  be  
no r e l a t i o n  between p e r m e a b i l i t y  and p o r o s i t y  f o r  t h e  c o r e s  s t u d i e d  
( t a b l e  2 and f i g .  1). 
f o r  t h e s e  po ros i ty -pe rmeab i l i t y  measurements. 
A c o r r e l a t i o n  c o e f f i c i e n t  of -0 ,280 w a s  c a l c u l a t e d  
Mercury capi l la ry  p r e s s u r e  curves  i n d i c a t e  t h a t  t h e  pore system of 
t h e  Amboy b a s a l t  c o n s i s t s  a lmost  e n t i r e l y  of l a r g e  and small  pores  with 
almost  no pores of i n t e r m e d i a t e  s i z e .  
t h i s  b a s a l t  can be s a t u r a t e d  w i t h  mercury a t  p r e s s u r e s  less than  1 a t m .  
Seventy p e r c e n t  of a l l  pores  i n  
A s  a r e s u l t  of t h e s e  p re l imina ry  s t u d i e s ,  t h e  Amboy b a s a l t  can be 
d e s c r i b e d  as a dense  , r e l a t i v e l y  impermeable b a s a l t  c o n t a i n i n g  most ly  
i s o l a t e d  pores i n  t h e  lower par t s ,  and somewhat i n t e r c o n n e c t i n g  pores  
i n  t h e  upper p a r t s ,  of t h e  f lows .  
Bishop Tuff 
Density and p o r o s i t y  measurements on NX c o r e s  i n d i c a t e  t h a t ,  t o  a 
dep th  of about 61  f t ,  t h e  Bishop Tuff has  a n  average  d r y  b u l k  d e n s i t y  
of 1.52 g per cc and an  average  p o r o s i t y  of 37.4 p e r c e n t  ( t a b l e  3 ) .  
However, a t  a depth  of abou t  50 f t  t h e  t u f f  becomes more a s h y ,  and 
p o r o s i t y  increases as d r y  b u l k  d e n s i t y  d e c r e a s e s .  
f t  t h e  m a t e r i a l  was s o  incohe ren t  t h a t  u s e f u l  s a m p l e s  could n o t  b e  
c o l l e c t e d .  The re fo re ,  t h e  d e n s i t y - p o r o s i t y  d a t a  w i l l  b e  u s e f u l  on ly  
down t o  a depth  of about  6 1  f t .  
Below a d e p t h  of 6 1  
Densi ty  and p e r m e a b i l i t y  measurements on s m a l l  o r i e n t e d  c o r e s  of 
Bishop Tuf f  i n d i c a t e  no pronounced d i r e c t i o n a l  p e r m e a b i l i t y  t o  n i t r o g e n  
( t a b l e  4 ) .  The ashy t u f f  i n  t h e  lower p a r t  of t h e  d r i l l  h o l e  d o e s ,  
however, become much more permeable t o  n i t r o g e n  and probably  r e f l e c t s  
a change in  pore  geometry as a r e s u l t  of t h e  more unconso l ida t ed  n a t u r e  
of t h e  m a t e r i a l  a t  t h a t  dep th .  A s emi loga r i thmic  p l o t  of t h e  n i t r o g e n  
pe rmeab i l i t y  and p o r o s i t y  d a t a  i n d i c a t e s  no a p p a r e n t  r e l a t i o n s h i p  be- 
tween these  two parameters  f o r  t h e  t u f f  samples ( f i g .  2 ) .  A r e l a t i o n  
between n i t rogen  pe rmeab i l i t y  and p o r o s i t y  f o r  s i x  ashy t u f f  s amples  
from th is  d r i l l  h o l e  may e x i s t  ( f i g .  2 ) ,  b u t  t o o  few samples were a v a i l -  
n b l c  t o  e s t a b l i s h  i t .  An a t t e m p t  will b e  made t o  c o l l e c t  adequa te  
samples of ashy t u f f  from t h e  Bishop s i t e  f o r  a c o r r e l a t i o n  s tudy  of 
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t h e  p o r o s i t y  and p e r m e a b i l i t y  of t h i s  rock type .  These s t u d i e s  w i l l  be  
conducted i n  o r d e r  t o  c l a s s i f y  pore geometry and t o  re la te  t h e s e  char -  
a c t e r i s t i c s  t o  t h e  bea r ing  s t r e n g t h  c h a r a c t e r i s t i c s .  
Mercury c a p i l l a r y  p r e s s u r e  curves i n d i c a t e  t h a t  t h e  Bishop Tuff 
has a p u i r  ~y~LLrfii t h ~ C  L G G S L S C S  ~ G Y E S  V ~ G S ~  ~ Z C Z  ZTC d i s t r i . ba t& 
a lmost  uniformly throughout  t h e  in t e rmed ia t e  and small r anges .  
Sonora Pass g r a n i t e  
Dens i ty -poros i ty  measurements on NX c o r e  samples from t h e  Sonora 
Pass  g r a n i t e  show t h a t  t h e  g r a n i t e  i s  ex t remely  uni form i n  i t s  d e n s i t y  
and p o r o s i t y  ( t a b l e  5 ) .  The d r y  bulk d e n s i t y  ranges  from 2 .61  t o  2 .64 
g p e r  c c  and averages  2.62 g p e r  cc. The t o t a l  p o r o s i t y  ranges  from 
0 . 4  t o  2.6 pe rcen t  and averages  1.8 p e r c e n t .  These d e n s i t y - p o r o s i t y  
d a t a  i n d i c a t e  t h a t  t h e  Sonora Pass g r a n i t e  i s  ex t remely  uniform and 
dense  r e l a t i v e  t o  g r a n i t e  bod ie s  i n  o t h e r  l o c a l i t i e s  i n  t h e  wes te rn  
United S t a t e s .  
None of t h e  samples  from t h e  smal l  o r i e n t e d  c o r e s  of Sonora Pass  
g r a n i t e  had measurable  pe rmeab i l i t y  ( t a b l e  6 ) .  
t h e  s m a l l  o r i e n t e d  c o r e s  averages  t h e  same as f o r  t h e  l a r g e  NX c o r e s ,  
b u t  t h e  average  e f f e c t i v e  p o r o s i t y  f o r  t h e  o r i e n t e d  c o r e s  i s  0 . 1  per -  
c e n t ,  whereas t h e  average  t o t a l  po ros i ty  of t h e  l a r g e r  NX c o r e s  i s  1.8 
p e r c e n t .  The low e f f e c t i v e  p o r o s i t y  of t h e  small o r i e n t e d  c o r e s  i s  
due l a r g e l y  t o  t h e  f a c t  t h a t  mgst of t h e  po re  space  i n  t h e  g r a n i t e  i s  
i s o l a t e d .  
The d r y  b u l k  d e n s i t y  of 
Mercury c a p i l l a r y  p r e s s u r e  curves  were n o t  ob ta ined  f o r  t h i s  g r a n i t e  
because  of i t s  ex t remely  low e f f e c t i v e  p o r o s i t y .  
Southern  Coulee pumice and a s h  s i t e  
Dens i ty -poros i ty  measurements on NX c o r e s  from t h e  Southern  Coulee 
s i t e  i n d i c a t e  t h a t  pumice from the ground s u r f a c e  t o  sha l low d e p t h s  has  
a much h i g h e r  p o r o s i t y ,  and cor respondingly  a lower d r y  bu lk  d e n s i t y ,  
t h a n  does t h e  pumice a t  g r e a t e r  depths  ( t a b l e  7 ) .  The d r y  bu lk  d e n s i t y  
of t h e  pumice from Southern  Coulee ranges  from 0.49 t o  2.17 g p e r  cc  
and averages  1.06 g p e r  c c .  The p o r o s i t y  of t h e  pumice v a r i e s  from 
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1 3 . 2  t o  79.2 pe rcen t  and averages  5 5 . 7  p e r c e n t .  
d a t a  obtained on t h e  Southern  Coulee pumice i n d i c a t e s  t h a t  t h i s  material 
i s  s u i t a b l e  f o r  t h e  engineer ing-geophys ica l  p r o p e r t i e s  s t u d i e s  t h a t  w i l l  
soon be undertaken on h igh -poros i ty  and low-dens i ty  materials.  
The d e n s i t y - p o r o s i t y  
Dens i ty ,  p o r o s i t y ,  and n i t r o g e n  pe rmeab i l i t y  measurements made on 
smal l  o r i e n t e d  c o r e s  of t h e  Southern  Coulee pumice i n d i c a t e  t h a t  t h e  
n i t r o g e n  pe rmeab i l i t y  of t h e  pumice i s  q u i t e  v a r i a b l e ,  bu t  t h a t  t h e  
pumice does n o t  have a pronounced d i r e c t i o n a l  pe rmeab i l i t y  ( t a b l e  8 ) .  
The phys ica l  data a l s o  show t h a t  t h e  pumice i n  t h e  upper  p a r t  of each 
d r i l l  h o l e  t ends  t o  b e  more permeable than  t h a t  i n  t h e  lower p a r t ,  b u t  
excep t ions  do e x i s t  ( f i g s .  3-5).  
A semi logar i thmic  p l o t  of t h e  n i t r o g e n  p e r m e a b i l i t y  and t h e  p o r o s i t y  
of t h e  small o r i e n t e d  c o r e s  shows t h a t  t h e  two do i n  f a c t  c o r r e l a t e  
( f i g .  6 ) .  
d a t a  po in t s  t o  show t h e  g e n e r a l  r e l a t i o n s h i p  between t h e s e  two parameters. 
Whereas the  d e v i a t i o n  of t h e  d a t a  p o i n t s  from t h e  l e a s t  squa res  l i n e  i s  
moderate ,  i t  i s ,  however, about  t h e  same a s  f o r  similar d a t a  on o t h e r  
rock types  s t u d i e d  by o t h e r  i n v e s t i g a t o r s .  
n i t r o g e n  pe rmeab i l i t y  and p o r o s i t y  of t h e  Sou the rn  Coulee pumice appea r s  
t o  b e  good enough t o  j u s t i f y  f u r t h e r  i n v e s t i g a t i o n  of t h e  pore geometry 
of t h i s  rock type  and t o  de te rmine  t h e  r e l a t i o n  between pore  geometry and 
t h e  mechanical o r  bea r ing  c h a r a c t e r i s t i c s .  F u t u r e  s t u d i e s  a r e  planned 
t o  i n v e s t i g a t e  t h e s e  r e l a t i o n s  of pore  geometry t o  o t h e r  p h y s i c a l  cha rac -  
t e r i s t i c s  of t h e  pumice. 
A l e a s t  squa res  l i n e  of log Y on X has  been drawn through t h e  
The c o r r e l a t i o n  between 
Mercury c a p i l l a r y  p r e s s u r e  curves  i n d i c a t e  t h a t  t h e  more porous 
pumice a t  t h e  Southern  Coulee s i t e  has  a pore  sys tem t h a t  c o n s i s t s  a lmost  
e n t i r e l y  o r  pores  l a r g e  enough t h a t  they  can  b e  s a t u r a t e d  w i t h  mercury 
a t  p re s su res  less than  1 a t m .  
S P f low s i t e  
Density and p o r o s i t y  measurements on NX c o r e s  from t h e  S P f l o w  
near  F l a g s t a f f ,  Ar izona ,  i n d i c a t e  t h a t  b a s a l t  of t h e  S P f l o w  has  a 
lower d r y  b u l k  d e n s i t y  than  does t h e  b a s a l t  of t h e  Amboy f l o w  ( t a b l e s  
1 and 9 ) .  A l so ,  t h e  g r a i n  d e n s i t y  of b a s a l t  from t h e  S P flow i s  
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s i g n i f i c a n t l y  lower than  t h e  g r a i n  d e n s i t y  of b a s a l t  from t h e  Amboy 
f low,  a f a c t  compat ib le  w i t h  t h e  known m i n e r a l o g i c a l  d i f f e r e n c e s  of 
t h e s e  two f lows .  
Most of t h e  small o r i e n t e d  co res  s e l e c t e d  f o r  p e r m e a b i l i t y  s t u d y  
- A \  .. naci no measurable arriourii ui i i i i rugei i  peruie&i l i i . .y  (i&lr IU) . nuwrvei, 
t h e  f i v e  samples ob ta ined  from t h e  l o w e r  p o r t i o n  of t h e  S P 1 d r i l l  
h o l e  d i d  have s i g n i f i c a n t  amounts of n i t r o g e n  p e r m e a b i l i t y .  
b i l i t y  and p o r o s i t y  v a l u e s  f o r  t h e s e  f i v e  samples  i n d i c a t e ,  o r  s u g g e s t ,  
t h a t  a f a i r  c o r r e l a t i o n  e x i s t s  between t h e s e  two parameters f o r  t h e  S P 
b a s a l t ,  b u t  s i n c e  t o o  few permeable samples were a v a i l a b l e  a t  t h i s  t i m e ,  
no c o r r e l a t i o n  has  been a t t empted .  I n  t h e  f u t u r e ,  we w i l l  t r y  t o  c o l l e c t  
a s u i t e  of permeable s a m p l e s  from t h i s  s i t e  so  t h a t  c o r r e l a t i o n  s t u d i e s  
of p e r m e a b i l i t y  and p o r o s i t y  can b e  conducted. 
The permea- 
Mercury c a p i l l a r y  p r e s s u r e  curves  of t h e  S P b a s a l t  i n d i c a t e  t h a t  
i t s  p o r e  system c o n s i s t s  mainly of l a r g e  and i n t e r m e d i a t e  s i z e  p o r e s ,  
w i t h  a c t u a l  pore s i z e  va ry ing  uniformly throughout  t h e  s i z e  range.  
Summary of p h y s i c a l  measurements 
The mass p h y s i c a l  p r o p e r t i e s  summarized above by s i t e  l o c a l i t y  
r e p r e s e n t  t h e  i n i t i a l  s t a g e  of a s tudy des igned  t o  c l a s s i f y  t h e  pore  
sys tem of each rock type be ing  i n v e s t i g a t e d  and t o  re la te  t h e  g e o m e t r i c a l  
f e a t u r e s  of each pore system t o  v a r i o u s  eng inee r ing  p r o p e r t i e s  such  as 
b e a r i n g  s t r e n g t h ,  compressive s t r e n g t h ,  s h e a r  s t r e n g t h ,  and t e n s i l e  
s t r e n g t h .  I f  a good unde r s t and ing  can be  ob ta ined  of t h e  g e o m e t r i c a l  
c h a r a c t e r i s t i c s  of t h e  pore system, t h e n  t h e s e  d a t a  can be c o r r e l a t e d  
w i t h  t h e  v a r i o u s  eng inee r ing  p r o p e r t i e s  and a b e t t e r  unde r s t and ing  and 
c a p a b i l i t y  f o r  p r e d i c t i n g  t h e  bea r ing  s t r e n g t h  c h a r a c t e r i s t i c s  of a 
g i v e n  rock type w i l l  be  p o s s i b l e .  
s t u d i e s  w i l l  be con t inued .  
More e x t e n s i v e  p h y s i c a l  p r o p e r t i e s  
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Table  1 . - -Dens i ty-poros i ty  d a t a  f o r  NX c o r e s  from Amboy, C a l i f o r n i a  
s i t e  
Dry Bulk S a t u r a t e d  Gra in  T o t a l  
Dens i ty  Bulk Dens i ty  Dens i ty  P o r o s i t y  
Sample No. (R P er cc) ( a  P e r  cc) ( R  P er  cc )  ( p e r c e n t  1 
AM1-1-14  L/ 1.86 2.21 2.87 35.2 
AM1-2-17 1.99 2.30 2.92 31.8 
AM1-3-18 1.80 2.17 2.89 3 7 . 7  
AM1 -4 - 2 6 1.98 2.30 2.90 31.7 
AM1 - 5 - 29 2.62 2.74 2.97 11.8 
AM1 - 6- 3 5 2.52 2.67 2.96 14.9 
AX?-  1-6 2.41 2.59 2.94 18.0 
AM2-2-18 2.35 2.53 2.89 18.7 
AM2-3-20 2.46 2 .61  2.88 1 4 . 6  
AM2-4-23 2.50 2.64 2.89 1 3 . 5  
AM2 - 5 - 2 9 2.76 3.31 2.92 5 . 5  
AM3-1-6 2.23 2.47 2.91 23.4 
AM3-2-9 2.26 2.49 2.93 22 .9  
AM3-3-14 2.73 3 . 3 5  2.91 6.2 
AM-4-16 2.61 2.73 2.95 11.3 
AM3-5-19 2.58 2.70 2.91 1 1 . 3  
- l /  Sample number c o n s i s t s  of t h r e e  p a r t s :  d r i l l  h o l e  number, s a q p l e  
number i n  d r i l l  h o l e ,  and dep th  of sample.  
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Table 1.--Density-porosity data for NX cores from Amboy, California 
site --Continued 
Dry Bulk Saturated Grain Tota l  
D m s i  ty Bulk Density Density Porosity 
Sample No. ( 9  P er cc) ( g  P er cc) ( g  P er cc) (percent ) 
AM3 - 6 - 2 8 2.18 2.43 2.90 24.8 
AM3 - 7 - 30 2.60 2.73 2.98 12.8 
AM3 - 8-  38 2.77 3.19 2.89 4.2 
- Averages- - - - - - 2.50 - - - - - - - - 2,76 - - - - - -2L92 - - - - - - 14,6- - - - _ - - - - - _ - _ - - _ - - - - - - - - - - - - - - - - - - - - -  
AM4-1-7 2.33 2.54 2.92 20.2 
AM4-2-8 2.50 2.65 2.93 14.7 
AM4-3-13 2.62 2.73 2.94 10.9 
AM4 -4 - 2 1 2.08 2.37 2.93 29.0 
AM4 - 5 - 3 2 2.73 3.51 2.96 7.8 
AM4-6-34 2.60 2.73 2.96 12.2 
AM4-7-39 2.16 2.43 2.96 27.0 
3.52 2.91 8.6 AM4-8-45 2.66 
AM4 - 9 - 4 8 2.75 3.42 2.95 6.8 
Grand 
Average 2.43 2.74 2.93 17.02 
2 3  
Table 2.-- Density, porosity, and permeability data for small oriented 
cores from Amboy, California site 
Effective 
Dry bulk Saturated Effective Nitrogen 
Dens i ty Bulk Density Porosity Permeability 
Sample No. ( g  P er cc) ( a  P er cc) (percent ) (millidarcys) 
AM1-1-14-(P) L/ 1.95 2.27 32.0 4.96 
AM1 - 2- 17- (P) 2.00 2.20 19.4 NM 21 
AM1-2-17-(N) 2.10 2.27 17.2 NM 
AM1 - 3- 18- (P ) 1.95 2.28 32.7 NM 
AM1-4-26- (P) 2.05 2.24 19.0 NM 
AM1-5-29- (P) 2.68 2.69 1.0 NM 
AM1-6-35- (P) 2.61 2.68 7.1 NM 
AM1-7-39- (P) 2.78 2.79 1.0 NM 
AM2-1-6- (P) 2.57 2.68 11.2 NM 
AM2- 1-6- (N) 2.37 2.56 18.8 2.29 
AM2-2-18- (P) 2.38 2.50 11.9 NM 
AM2-2-18-(N) 2.28 2.45 17.0 0.70 
AM2-3-20- (P) 2.53 2.59 6.3 NM 
AM2-3-20- (N) 2.55 2.59 4.0 NM 
AM2-4-23- (P) 2.48 2.63 15.0 1-34 
AM2-4-23- (N) 2.51 2.65 13.8 0.89 
- 1/ Sample number consists of four parts: drill hole number, sample 
number in drill hole, depth of sample, and (P) indicates core taken 
parallel to drill hole and (N) indicates core taken normal to drill 
h o l e  axis. 
- 2 /  NM = not measurable; less than about 0.40 millidarcys. 
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Table 2.--Density, porosity, and permeability data for small oriented 
cores from Amboy, California site --Continued 
Effective 
Dry bulk Saturated Effective Nitrogen 
p- rec i t x ,  P erme 2t. i 1 i t )7 
Sample No. (!4 P er cc) ( g  P er cc) (percent) (millidarcys) 
D . . ~ I .  nnon; tlr 
"ULaA u b r . " L c J  
ne.- - 1  & _ _  
UCll?J L Ly 
AM2-5-29- (P) 2.76 2.78 2.0 NM 
AM2-5-29- (N) 2.79 2.80 1.0 NM 
AM3-1-6- (P) 2.14 2.41 26.7 1.34 
AM3-1-6- (N) 2.35 2.54 20.0 3.38 
AM3-2-9- (P) 2.25 2.45 23.0 1.72 
AM3-2-9- (N) 2.31 2.52 21.0 165.8 
AM3-3-14- (P) 2.66 2.75 8.9 NM 
AM3-3-14- (N) 2.70 2.76 5.9 NM 
AM3-4-16- (P) 2.61 2.71 9.9 13.9 
AM3-5-19-(P) 2.58 2.70 11.9 2.06 
AM3-5-19- (N) 2.63 2.73 10.0 2.93 
AM3-6-28- (P) 2.24 2.44 20.8 NM 
AM3-6-28- (N) 2.27 2.47 20.0 NM 
AM3-7-30- (P) 2.61 2.67 6.1 NM 
AM3-8-38- (P) 2.76 2.77 1 .o NM 
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Table 2.--Density, porosity, and permeability data for small oriented 
cores from Amboy, California site --Continued 
Effective 
Dry bulk Saturated Effective Nitrogen 
Density Bulk Density Porosity Permeability 
Sample No. (g ,  P er cc) ( g  P er cc) (percent ) (millidarcys) 
AM4 - 1 - 7 - (P ) 2.44 2.60 15.8 2.3% 
I AM4-1-7-(N) 2.08 2.36 28.4 2.35 
AM4-2-8- (P) 2.51 2.66 14.6 3.91 
AM4-2-8- (N) 2.50 2.64 14.0 1.34 
AM4-3-13- (P) 2.60 2.72 11.7 1.39 
AM4-3-13- (N) 2.61 2.73 11.7 NM 
AM4-4-21- (P) 2.16 2.42 26.0 NM 
AM4-5-32- (P) 2.73 2.81 
AM4-5-32- (N) 2.77 2.78 
7.8 NM 
1.0 NM 
AM4-6-34- (P) 2.56 2.68 11.7 NM 
AM4-6-34- (N) 2.6% 2.78 9.8 NM 
AY4-7-39- (P) 2.29 2.49 20.0 NM 
AM4-8-45-(P) 2.67 2.71 3.9 NM 
AM4-8-45- (N) 2.72 2.76 3.9 NM 
AM4-9-48-(P) 2.73 2.79 5.8 NM 
AM4-9-48- (N) 2.76 2.81 4.9 NM 
- - - - - - - - - - - - _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - -  - - -  Lverag2s- - - - - - 2155 - - - - - - 2162 - - - - - - 11.2 - - - - - - - - 
Grand 
Av e rage 2.49 2.61 12.35 - - -  
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Table 3.--Density-porosity data f o r  NX cores from B i s h o p ,  California 
site 
Dry Bulk Saturated Grain Total 
Density Bulk Density Density Porosity 
Sample No. ( g  P er cc) (g P er cc) ( g  P er cc) (percent) 
BT1-1-12 L/ 1.55 1.92 2.47 37.2 
BT1- 2- 16 1.59 1.93 2.44 34.8 
BT1-3-20 1.60 1.95 2.45 34.7 
BT 1-4-23 1.60 1.93 2.42 33.9 
BT1- 5- 27 1.61 1.95 2.44 34.0 
BT1-6-31 1.61 1.96 2.47 34.8 
BT 1 - 7-35 1.58 1.94 2.46 35.8 
BT 1- 8- 39 1.57 1.92 2.42 35.1 
BT1- 9-45 1.52 1.89 2.42 37.2 
BT1- 10-47 1.48 1.86 2.41 38.6 
BT 1 - 11- 53 1.39 1.80 2.36 41.1 
BT1-12-55 1.34 1.77 2.37 43.5 
BT1-13-61 1.28 1.74 2.37 46.0 
- 1/ Sample number consists of three parts: drill hole number, sample 
number in drill hole, and depth of  sample. 
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Table 4.--Density, porosity, and permeability data for small oriented 
cores from Bishop,California site 
i 
Dry Bulk Saturated Effective Nitrogen 
Density Bulk Density Porosity Permeability 
er cc) er cc) (percent) (mi 11 idarcy s ) (F: P (p, P Sample No. 
BT1-1-12-(P) L/ 1.56 1.92 36.0 6.50 
BT1- 1- 12- (N) 1.55 1.91 36.0 19.6 
BT 1 - 2- 16- (P) 1.57 1.92 35.3 7.58 
BT1- 2 - 16- (N) 1.59 1.93 33.7 12.6 
BT1-3-20-(P) 1.58 1.92 34.3 20.0 
BT1-3-20- (N) 1.59 1.93 34.3 6.35 
BT1-4-23-(P) 1.58 1.92 34.3 47.3 
BT1-4-23- (N) 1.59 1.92 32.7 23.5 
BTl-5- 27- (P) 1.62 1.94 31.7 8.34 
BT1-5-27- (N) 1.63 1.89 26.1 19 .3  
BT1- 6- 31- (P) 1.60 1.93 32.7 10.2 
ET1-6-31- (N) 1.61 1.94 32.7 15.5 
BT 1- 7 - 35 - (P)  1.56 1.91 34.7 5.03 
BT1-7-35- (N) 1.59 1.92 32.7 10.9 
BT1-8-39-(P) 1.56 1.90 33.7 3.35 
BT1-8-39- (N) 1.57 1.91 34.0 4.00 
BT1-9-45- (P) 1.51 1.86 34.7 4.78 
BT1-9-45-(N) 1 .51  1.85 33.7 10.5 
BTl-10-47- (P) 1.48 1.84 36.4 12.1 
- 1/ Sample number consists of four parts: drill hole number, sample 
number in drill h o l e ,  depth of sample, and (P) indicates core taken 




Table 4.--Density, porosity, and permeability data for small oriented 
cores from Bishop,California site:-Continued 
Dry Bulk Saturated Effective Nitrogen 
Density Bulk Density Porosity Permeability 
Sample No. (p P er cc)  ( g  P er cc) (percent) (mi 11 id arc y s  ) 
BT1-10-47-(N) 1.47 1.83 36.3 11.9 
BT1-11-53- (P) 1.42 1.81 39.0 29.0 
BT1-11-53- (N) 1.37 1.78 40.6 34.3 
BT1-12-55- (P) 1.35 1.76 41.4 47.5 
BT1-12-55- (N) 1.30 1.72 42.4 45.8 
BT1-13-61- (P) 1.29 1.72 43.4 66.0 
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Table  5 . - -Dens i ty-poros i ty  d a t a  f o r  NX c o r e s  from Sonora Pass, C a l i f o r -  
n i a  s i t e  
Dry B u l k  S a t u r a t e d  Gra in  T o t a l  
Dens i ty  Bulk Dens i ty  Dens i ty  P o r o s i t y  
Sample No. ( g  P er cc)  ( a  P e r  cc) ( g  P er cc) (percent )  
SN1-1-2 L/ 2.63 2.66 2.70 2.6 
SN1-2-  7 2.62 2.64 2.66 1 .5  
SN1-3-11  2.62 2.64 2.67 1 .9  
SN1-4-16 2.63 2.65 2.69 2.2 
SN1-5-20 2.61 2.63 2.66 1 . 9  
SN 1 - 6- 24 2.63 2.63 2.64 0.4 
SN1- 7- 28 2.64 2.66 2.69 1 . 9  
SN1-8-32 2.62 2.64 2.67 1 . 9  
- 1/ Sample number c o n s i s t s  of t h r e e  p a r t s :  d r i l l  h o l e  number, sample 
number i n  d r i l l  h o l e ,  and dep th  of  sample.  
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Table 6.--Density, porosity, and permeability data for small oriented 
cores from Sonora Pass, California site 
Dry Bulk Saturated Effective Nitrogen 
Density Bulk Densi ty Pnrnsi ty Permenhi1 i ty 
Sample No. (R P er cc) (R P er cc) (percent) (millidarcys) 
SN1-1-2- (P)  L/ 2.63 2.64 1.0 NM 2/ 
SN1-1-2- (N) 2.61 2.61 0.0 NM 
0.0 NM SN1-2-7- (P) 2.62 2.62 
SN1-2-7- (N) 2.61 2.62 0.5 NM 
0.0 NM SN1-3-11- (P) 2.61 2.61 
0.0 NM SN1-3-11- (N) 2.61 2.61 
SN1-4-16- (P) 2.63 2.63 0.0 NM 
SN1-4-16- (N) 2.63 2.63 0.0 NM 
SN1-5-20- (P) 2.61 2.61 0.0 NM 
SN1-5-20- (N) 2.59 2.60 0.5 NM 
SN1-6-24- (P) 2.62 2.62 0.0 NM 
0.0 NM SN1-6-24- (N) 2.64 2.64 
0.0 NM SN1-7-28- (P) 2.64 2.64 
SNl-8-32- (P) 2.61 2.61 0.0 NM 
0.0 NM SN1-8-32- (N) 2.62 2.62 
SlJ1-9-37- (P) 2.61 2.61 0.0 NM 
- 1/ Sample number consists of four parts: drill hole number, sample 
number in drill hole, depth of  sample, and (P) indicates core taken 
parallel to drill hole and (N) indicates core taken normal to drill 
hole axis. 
- 2 /  NM = not measurable; less than about 0.40 millidarcys. 
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Table 6.--Density, p o r o s i t y ,  and p e r m e a b i l i t y  d a t a  f o r  s m a l l  o r i e n t e d  
cores from Sonora P a s s ,  C a l i f o r n i a  s i t e - -Con t inued  
Dry Bulk S a t u r a t e d  E f f e c t i v e  Ni t rogen  
Dens i ty  Bulk Dens i ty  P o r o s i t y  P e r m e a b i l i t y  
Sample No. (R P er c c )  ( g  P er  c c )  ( p e r c e n t )  ( m i l  l i d a r c y s )  
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Table 7.--Density-porosity data for NX cores from Southern Coulee-Mono 
Craters, California site 
Dry Bulk Saturated Grain Total 
n...--..; c-- Density Bulk  lbns j t_y  DP_-C,<t.. 1. " L u a r c y  
Sample No. ( E  P er cc)  (g P er cc) fn  P er cc)  (percent) 
sc2-1-10 1/ 0.92 1.53 2.35 60.7 
SC2 - 2- 14 0.61 1.35 2.34 73.8 
SC2 - 3- 36 0.63 1.36 2.34 73.2 
SC2-4-38 1.83 2.06 2.37 22.8 
SC3-1-12 0.60 1.35 2.37 74.7 
SC3- 2-16 0.50 1.29 2.36 78.9 
1 A n SC3-3-17 n.?n -. T Y  
SC3-4- 19 1.13 1.65 2.35 51.9 
SC3 - 5- 21 0.97 1.56 2.35 58.8 
SC3 - 6- 24 0.75 1.43 2.36 68.4 
SC3-7-28 0.76 1.44 2.36 68.0 
S C 3  - 8-30 0.50 1.29 2.35 78.8 
sc3-9-45 0.49 1.28 2.36 79.2 
- AveraEs- - - - - - 0171 
-rn I 
I U . +  3 3 7  L . d l  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
- - - - -  69.9 - 2136 - - - - - -1241 - - - - - - 
- 1/ Sample number c o n s i s t s  of three parts: drill hole  number, sample 
number in drill hole, and depth of sample. 
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I Table 7.--Density-porosity data for NX cores from Southern Coulee-Mono 
I Craters, California site--Continued 
Dry B u l k  Saturated Grain Total 
Density Bulk Density Dens it y Porosity 
Sample No. ( g  P er cc) (g P er cc) ( g  P er cc) (percent) 
SC4-1-10 0.66 1.38 2.32 71.5 
SC4- 2 -  14 0.71 1.40 2.32 69.2 
SC4- 3-  17 0.83 1.48 2.36 64.9 
SC4-4-19 0.70 1.40 2.34 70.2 
564-5-24 0.67 1.39 2.36 71.6 
SC4- 6- 25 1.24 1.71 2.36 47.3 
SC4- 7 -32 1.61 1.93 2.36 31.8 
SC4-8-46 1.01 1.58 2.36 57.2 
SC4 -9- 52 1.24 1.72 2.36 47.5 
SC4- 10-65 1.59 1.92 2.36 32.6 
SC4 - 11-9 5 2.17 2.30 2.50 13.2 
SC4-12-96 2.07 2.26 2.55 18.8 
SC4- 13 - 116 1.89 2.13 2.49 24.1 
- - - - - - - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
- Averag2s- - - - - -1,26 - - - - - - 1,74 - - - - - - 2,39 - - - - -41.1 - 
Grand 
Average 1.06 1.62 2.37 55.7 
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Table 8.- -Densi ty ,  p o r o s i t y ,  and p e r m e a b i l i t y  d a t a  f o r  small  o r i e n t e d  
c o r e s  from Southern Coulee-Mono Cra t e r s ,  C a l i f o r n i a  s i t e  
Dry Bu lk  S a t u r a t e d  E f f e c t i v e  Ni t rogen  
I! en4 F t 1 7  R J t  n,,it. n L: 1 2  c - -  & L L I I I L C L U L I L  L y  D~.r,.n; c.. A "A""& C J  
Sample No. ( g  P e r  c c )  ( g  P er  cc) ( p e r c e n t )  ( m i  1 1 i d a r c y  s 1 
SC2- 1- 10- (P) - 1/ 0.89 1 .48  59.2 11 .4  
sC2- 1- 10- ( N )  0.97 1.52 54.6 12.4 
sc2-2-14- (P)  0.55 1.23 68.0  437.0 
SC2-2-14- (N)  0.52 1.23 70.8 40.4 
SC2-3-36- (P) 0.65 1.32 66.7 128.0 
111.0 SC2-3-36- (N)  0 .56 1.26 69.8 
SC2-4-38- (P) 1.87 2.03 16 .3  2.04 
SC2-4-38- (N) 1.85 2.00 14 .8  346.0 
sc2-5-50- (P) 1 .08 1 .61  52.5 4.47 
SC2-5-50- (N) 1.08 1.63 54.6 1.44 
SC2- 6 - 59- (P ) 1.15 1.63 47.5 1.51 
SC2-6-59- ( N )  1.18 1.63 44.6 3.85 
sc2-7-71-  (P) 1 . 9 1  2.02 11.2 56.0 
- 11 Sample number c o n s i s t s  of four p a r t s :  d r i l l  ho le  number, sample 
number i n  d r i l l  h o l e ,  dep th  o f  sample,  and (P)  i n d i c a t e s  c o r e  taken 
p a r a l l e l  t o  d r i l l  h o l e  and ( N )  i n d i c a t e s  c o r e  taken normal t o  d r i l l  
hole  axis. 
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Table 8.--Density, porosity, and permeability data f o r  small oriented 
cores from Southern Coulee-Mono Craters, California site-- 
Continued 
Dry Bulk Saturated Effective Nitrogen 
Density Bulk Density Porosity Permeability 
Sample No. (g P er cc)  (9 P er cc) (percent) (millidarcys) 
SC3-1-12-(P) 
SC3-1-12-(N) 




sc3-4- 19- (P) 





sc3 - 7 - 28- (P 













































































Table 8.--Density, porosity, and permeability data f o r  small oriented 
cores from Southern Coulee-Mono Craters, C a l i f o r n i a  site-- 
Continued 
Dry Bulk Saturated Effective Nitrogen 
W n s i  t y  , Bulk Density Porosity Permeability 




































































































N M  
- 2 /  NM = not measurable; less than about 0.40 millidarcys. 
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Table 8.--Density, porosity, and permeability data for small oriented 
cores from Southern Coulee-Mono Craters, California site-- 
Cont hued 
Dry Bulk Saturated Effective Nitrogen 
Density Bulk Density Porosity Permeability 
Sample No. ( g  P er c c )  ( a  P er cc) (percent) (mi 1 lidarcys ) 
sc4 - 11 -95- (P ) 2.23 2.30 7.0 NM 
SC4-11-95-(N) 2.20 2.29 8.9 N M 
SC4-12-96-(P) 2.11 2.24 12.9 4.42 
SC4-12-96-(N) 2.12 2.25 12.9 1.36 
SC4-13-116-(P) 1.94 2.14 19.8 NM 
SC4-13-116-(N) 1.89 2.11 21.8 NM 
Grand 
Average 1.06 - - -  1.53 47 .O 
Table 9 . - -Dens i ty -poros i ty  d a t a  f o r  NX c o r e s  from t h e  SP Flow s i t e  
F l a g s t a f f ,  Arizona 
Dry 3 u l k  S a t u r a t e d  Gra in  T o t a l  
Densi  ty Bulk Dens i ty  Dens i ty  P o r o s i t y  
Sample No. (P P e r  c c )  (g P er cc)  (n P er  cc) ( p e r c e n t )  
SP1-1-13 L/ 2.50 2.60 2.79 10.4 
SP1-2-18 2.37 2.54 2.85 1 6 . 8  
SP1-3-21 2.29 2.47 2.80 18.2 
SP1-4-22 2.07 2.34 2.82 26.6 
SP1-5-27 1.79 2.15 2.80 36.1 
SP2- 1- 10 2.08 2.33 2.79 25.4 
SP2-2-12 2.24 2.43 2.76 18.8 
SP2 - 3 -  16 2.43 2.49 2.76 5.8 
Grand 
Average 2.22 2.42 2.80 20.0 
- 1/  Sample number c o n s i s t s  of t h ree  p a r t s :  
niimber in d r i l l  h o l e ,  and depth o f  sample. 
d r i l l  h o l e  number, s a m p l e  
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Table 10.--Density, porosity, and permeability data for small oriented 
cores from the SP Flow site, Flagstaff, Arizona 
Dry Bulk Saturated Effective Nitrogen 
Dens i t y Bulk Density Porosity Permeability 
Sample No. (R P er cc) ( g  P er cc) (percent) (millidarcys) 
SP1-1-13-(P) L/ 2.50 2.54 3.9 NM 2f 
SP1-2-18-(P) 2.37 2.48 10.7 NM 
SP1-2- 18- (N) 2.35 2.45 10.2 NM 
SP1-3-21-(P) 2.27 2.46 18.6 178.3 
SPl-4-22- (P) 2.07 2.31 23.8 164.4 
136.2 SP1-4-22-(N) 2.10 2.31 21.4 
SP2-1-10-(P) 2.12 2.25 12.9 NM 
SP2-2-12-(P) 2.27 2.44 16.7 NM 
SP2-2-12-(N) 2.25 2.40 14.6 NM 
SP2-3- 16- (P) 2.48 2.51 2.9 NM 
Grand 
Average 2.22 2.37 - - -  15.1 
- 1/ Sample number consists of four parts: drill hole number, sample 
number in drill hole, depth of sample, and (p) indicates core taken 
parallel t o  drill hole and (N) indicates core Laken normal t o  drill 
hole axis. 


























F i g u r e  1. - -Poros i ty  and n i t rogen  pe rmeab i l i t y  of b a s a l t  from D r i l l  Holes 
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Figure  2 . - -Poros i ty  and n i t r o g e n  p e r m e a b i l i t y  of t u f f  from D r i l l  Hole 
BT1,  Bishop,  C a l i f o r n i a .  






























































































































SOUTHERN COULEE PUMICE 
D.H. - SC- 2,3,& 4 
0 
LEAST SQUARES LINE 
0 OF LOG Y ON X n 








( E F F E C T I V E )  
F i g u r e  6 . - -Ef fec t ive  p o r o s i t y  and n i t r o g e n  p e r m e a b i l i t y  of pumice from 
Southern Coulee -Mono Craters s i te .  
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SEISMIC SURVEY OF METEOR. CRATER, ARIZONA 
“zs I 
*9 
by R. H. Godson, Hans D. Ackermann, and J o e l  S. Watkins 
Al3STRACT. - - R e f l e c t i o n  and r e f r a c t i o n  se i smic  sp reads  recorded  on 
t h e  r i m  and i n  t h e  bottom of Meteor Crater i n d i c a t e  t h a t  t h e  bottom of  
t h e  pu lve r i zed  and b r e c c i a t e d  zones can  be mapped by r e f r a c t i o n  methods,  
b u t  t h a t  r e f l e c t i o n s ,  a l though p r e s e n t ,  cannot  be i n t e r p r e t e d  i n  terms 
o f  cont inuous  ho r i zons .  
I n t r o d u c t i o n  
Meteor Crater i s  one of t h e  wor ld’s  foremost examples of  an impact 
c r a t e r .  S ince  most of t h e  l a r g e  c r a t e r s  observed on t h e  moon are thought  
t o  be of impact o r i g i n ,  the  U . S .  Geologica l  Survey, on beha l f  of t h e  
N a t i o n a l  Aeronau t i c s  and Space Admin i s t r a t ion ,  conducted a s e i s m i c  su rvey  
of Meteor C r a t e r  as p a r t  of i t s  s t u d i e s  of l u n a r  ana log  s t r u c t u r e s .  
I 
The survey  w a s  made t o  determine t h e  d e p t h  and c o n f i g u r a t i o n  of t h e  
bottom of t h e  p u l v e r i z e d  o r  b r e c c i a t e d  l a y e r  a t  t h e  c e n t e r  of t h e  c r a t e r  
and of t h e  b r e c c i a t e d  l a y e r s  on the r i m s ,  and t h e  se i smic  v e l o c i t y  and 
a t t e n u a t i o n  c h a r a c t e r i s t i c s  of t hese  l a y e r s .  
Geology 
Physiography 
Meteor Crater i s  i n  t h e  Canyon Diablo  r e g i o n  of t h e  s o u t h e r n  p a r t  
of t h e  Colorado P l a t e a u .  The s u r f a c e  of t h e  P l a t e a u  i n  the  v i c i n i t y  of 
t h e  c r a t e r  has  l i t t l e  r e l i e f  and i s  u n d e r l a i n  by n e a r l y  f l a t - l y i n g  beds 
of Permian and T r i a s s i c  age. The c l i m a t e  i s  a r i d  and ou tc rop  exposures  
are good. The c r a t e r  l i e s  n e a r  the c r e s t  of a g e n t l e  monocl ina l  f o l d ,  
a s t r u c t u r e  c h a r a c t e r i s t i c  of t h i s  r eg ion .  The s t r a t a  a r e  broken by 
wide ly  spaced n o r t h e a s t - t r e n d i n g  normal f a u l t s  of v e r y  l i t t l e  throw, 
g e n e r a l l y  some t e n s  of  f e e t  up t o  about  a hundred f e e t .  Two mutua l ly  
p e r p e n d i c u l a r  se t s  of v e r t i c a l  j o i n t s  occur  i n  the  r e g i o n  of the  c r a t e r .  
One s e t  c o n t r o l s  t h e  t rend of secondary stream courses  and the  o t h e r  
i s  s u b p a r a l l e l  t o  t h e  normal f a u l t s .  
S t r a t i g  r ap hy 
Pre-Quaternary rocks  exposed a t  Meteor Crater range  i n  age from 
t h e  Permian Coconino Sandstone to  t h e  T r i a s s i c  Moenkopi Formation. The 
Moenkopi Formation, a reddish-brown sands tone  10 t o  17 m t h i c k ,  res t s  
on t h e  Kaibab Limestone,  which c o n s i s t s  of  about  82 m of  sandy do lomi te ,  
d o l o m i t i c  l imestone and some c a l c a r e o u s  sandstone.  Underneath t h e  Kaibab 
i s  t h e  Toroweap Formation--a  u n i t  of wh i t e  t o  ye l lowish-  o r  r edd i sh -  
brown, ca lcareous  sands tone ,  3 m th i ck .  
l a i n  by the  Coconino Sandstone,  which c o n s i s t s  of about  215 t o  245 m of 
f i n e - g r a i n e d ,  white  cross-bedded sandstone.  Only t h e  upper p a r t  of t h e  
Coconino Sandstone i s  exposed i n  t h e  crater.  
The Toroweap Formation i s  under- 
The Supai Formation of  Pennsylvanian  and Permian a g e ,  which under- 
l i e s  t h e  Coconino Sandstone,  i s  more than  300 m t h i c k  i n  t h i s  r e g i o n ,  
b u t  o n l y  100 m or  so h a s  been p e n e t r a t e d  by t h e  d r i l l  a t  t h e  crater.  
c o n s i s t s  of in te rbedded  r ed  and ye l low a r g i l l a c e o u s  sands tone  and sub- 
o r d i n a t e  s i l t s t o n e .  The Redwall Limestone l i e s  benea th  t h e  Supai  
Format ion. 
I t  
Quaternary rocks  p r e s e n t  i n  and around t h e  c r a t e r  c o n s i s t  o f  a 
complex sequence of d e b r i s ,  b r e c c i a ,  a l l uv ium,  and p l a y a  and l a k e  beds.  
The uppermost p o r t i o n  of  t h e  r i m  c o n s i s t s  of a l luv ium and d e b r i s  from 
t h e  Moenkopi, Kaibab, Toroweap and Coconino, r e s t i n g  on d i s t u r b e d  
Moenkopi and Kaibab s t r a t a .  The d e b r i s  l a y e r s  on t h e  r i m  are s t r a t i -  
g r a p h i c a l l y  r e v e r s e d ;  t h a t  i s ,  d e b r i s  from t h e  Moenkopi res ts  on t h e  
Moenkopi Formation and d e b r i s  from t h e  Kaibab Limestone r e s t s  on t h e  
d e b r i s  from t h e  Moenkopi, e tc .  No fragments  from t h e  Supai  Formation 
are represented  i n  any of t h e  d e b r i s .  
P l e i s t o c e n e  and Recent a l luv ium r e s t s  unconformably on  a l l  of t h e  
d e b r i s  u n i t s  a s  w e l l  as on bedrock. The a l luv ium i s  composed of  mate- 
r i a l  der ived  from a l l  fo rma t ions  r e p r e s e n t e d  i n  t h e  d e b r i s  and a l s o  
c o n t a i n s  me teo r i t e  f ragments ,  l e c h a t e l i e r i t e  and o t h e r  k i n d s  of  fused  
rock. 
The f l o o r  of t h e  c r a t e r  i s  u n d e r l a i n  by Q u a t e r n a r y  s t r a t a ,  d e b r i s  
P l e i s t o c e n e  t a l u s  on t h e  lower p a r t s  of  t h e  c ra te r  w a l l s  and brecc ia .  
g rades  i n t o  P l e i s t o c e n e  a l luv ium on t h e  f l o o r .  This  a l luv ium i n t e r f i n g e r s  
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with  l ake  beds about  30 m t h i c k  a t  t h e  c e n t e r  of  t h e  c r a t e r .  S e v e r a l  
meters of Recent p l a y a  beds and al luvium rest  on top  of  t h e  P l e i s t o c e n e  
s t r a t a .  
Underneath t h e  P l e i s t o c e n e  t a l u s  and l ake  beds i s  a l a y e r  o f  mixed 
d e b r i s  about  10 m th i ck .  This  l a y e r  c o n t a i n s  f ra-ments  of  a l l  t h e  f c i m n -  
t i o n s  t h a t  are seen  i n  t h e  crater  wal ls  as w e l l  as some fused  rock  and 
ox id ized  m e t e o r i t i c  material. Shoemaker (1959) b e l i e v e s  t h i s  u n i t  w a s  
formed by f a l l o u t  of  d e b r i s  thrown t o  g r e a t  he igh t .  
The b r e c c i a  zone which u n d e r l i e s  t h e  mixed d e b r i s  l a y e r  c o n s i s t s  
of s h a t t e r e d  b locks  of t h e  Kaibab and Coconino Formations.  Fused and 
m e t e o r i t i c  material i s  a l s o  p r e s e n t  i n  t h i s  zone,  which ex tends  down t o  
a dep th  of  about  210 m n e a r  t h e  c e n t e r  of t h e  crater .  
S t r u c t u r e  o f  t h e  c r a t e r  
Meteor Crater i s  180 m deep and about  1200 m i n  d i ame te r  w i th  a 
r i m  t h a t  rises 30 t o  60 m above the  sur rounding  p l a i n .  
t h e  f l o o r  d i p  g e n t l y  outward; nea r  the top  of t h e  c ra te r  t h e  d i p  becomes 
q u i t e  s t e e p ,  and i n  some p l a c e s  rocks  of  t h e  Moenkopi Formation are 
ove r tu rned .  
n e a r l y  v e r t i c a l  f a u l t s  and j o i n t s .  A number of s m a l l  t h r u s t  f a u l t s  are 
a l s n  ?resent e n  t h c  x r t h  a d  w e s t  s i d e s  of t h e  crater .  
The beds nea r  
The upturned s t ra ta  a r e  d i s s e c t e d  by a number of  s m a l l ,  
S e i s m i c  F i e l d  Methods 
T --. 
L U L I ~  r e i r a c t i o n  methods were c a r r i e d  o u t  i n  t h e  bottom of  the c r a t e r  
and on bo th  t h e  n o r t h  and s o u t h  r i m s .  S h o r t  r e f l e c t i o n  and r e f r a c t i o n  
methods were conducted o n l y  on t h e  bot tom and t h e  s o u t h  r i m .  
R e f l e c t i o n  methods, sou th  r i m  
Twenty- two s h o r t  sp reads  were recorded  t o  t r y  and o b t a i n  r e f l e c -  
t i o n s  from t h e  bottom of the  d e b r i s  l a y e r .  Near t h e  r i m ,  where t h e  
d e b r i s  i s  t h i c k e s t ,  t he  sp reads  were 50 m long  and c o n s i s t e d  of 24 geo- 
phones wi th  1 . 3 - m  i n t e r v a l s ;  300 m from t h e  r i m  t he  geophone i n t e r v a l  
was reduced t o  1 m and the  spread  l eng th  t o  20 m. A l l  sp reads  were 
s h o t  w i th  a b l a s t i n g  cap de tona ted  3 m below the  su r face .  
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I Shor t  r e f r a c t i o n  methods,  sou th  r i m  
Four r e f r a c t i o n  spreads  were a l s o  recorded  a long  t h e  above r e f l e c -  
t i o n  l i n e .  
i n t e r v a l s  of 6 m. The sp reads  were recorded  from va ry ing  o f f s e t  d i s -  
t a n c e s ,  which depended on t h e  depth  t o  t h e  unbroken Kaibab Limestone. 
Charge s i z e s  v a r i e d  from 5 t o  15 l b .  
These s p r e a d s ,  140 m long ,  c o n s i s t e d  of 24 geophones a t  
Bottom r e f l e c t i o n  methods 
Two r e f l e c t i o n  l i n e s  were recorded  on t h e  bottom of t h e  crater.  
One l i n e  had a N-S o r i e n t a t i o n  whi le  t h e  o t h e r  t rended approximate ly  
NW-SE. 
phones a t  i n t e r v a l s  of 4.5 m. 
1/16 l b  of dynamite gave b e s t  r e s u l t s .  
sp reads  were dug by hand t o  a dep th  of  about  1 m. 
Each l i n e  c o n s i s t e d  of seven s p r e a d s ,  each made up of  24 geo- 
Several charge  s i z e s  were t r i e d ,  b u t  
Shot  h o l e s  i n  t h e  middle  of 
Bottom s h o r t  r e f r a c t i o n  methods 
Two r e f r a c t i o n  spreads  were s h o t  a long  each  r e f l e c t i o n  l i n e .  Each 
c o n s i s t e d  o f  24 geophones a t  1 1 - m  i n t e r v a l s .  Spreads w e r e  recorded  
from s h o t s  bo th  o f f  t he  end of t h e  spread  and from o f f s e t  d i s t a n c e s  
va ry ing  from 130 t o  270 m. 
20 l b  and were bu r i ed  t o  a depth  of  about  1 m. 
Charges f o r  t h e s e  s h o t s  ranged from 10 t o  
Long r e f r a c t i o n  methods on s o u t h  r i m ,  n o r t h  r i m ,  and bottom 
Three sp reads  with long  o f f s e t  s h o t  p o i n t s  were recorded  t o  o b t a i n  
th i cknesses  of low v e l o c i t y  zones,  bo th  w i t h i n  t h e  c ra te r  and r a d i a l l y  
o u t  from the  r i m .  
from t h e  south r i m ,  a 2000-m spread  ex tend ing  r a d i a l l y  from t h e  n o r t h  
r im,  and a 700-m N-S spread i n  t h e  c ra te r .  
a t  o f f s e t s  of  approximate ly  5500 m s o u t h  and n o r t h  of t h e  c r a t e r  c e n t e r .  
The two spreads ex tending  from t h e  n o r t h  and s o u t h  r i m s  were a l s o  s h o t  
a t  t h e i r  ends and c e n t e r s .  
These c o n s i s t e d  of  a 2 5 0 0 - ~  spread  ex tend ing  r a d i a l l y  
A l l  t h r e e  sp reads  were s h o t  
O f f s e t  d i s t a n c e s  were chosen t o  i n s u r e  r e f r a c t i o n s  from a h igh  
v e l o c i t y  hor izon  (Redwall  Limestone) a t  abou t  700 m below t h e  s u r f a c e .  
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Rays t r a v e l i n g  up from t h e  Redwall Limestone passed through low v e l o c i t y  
zones and from t h e  va ry ing  d e l a y  t i m e s  t h e i r  r e l a t i v e  t h i c k n e s s e s  were 
computed . 
R e s u l t s  
South r i m  
For the  f i r s t  120 o r  150 m from t h e  edge of  t h e  c r a t e r ,  f a i r  t o  
poor r e f l e c t i o n s  were ob ta ined  from t h e  bottom of t h e  b r e c c i a t e d  zone. 
They were,  however, d i f f i c u l t  t o  c o r r e l a t e  from record  t o  r eco rd  ( f i g .  
From 150 m outward from t h e  c r a t e r ,  t h e  r e f l e c t i o n s  became confused wi th  
f i r s t - b r e a k  energy  and are d i f f i c u l t  t o  fo l low from the  c e n t e r  of t h e  
r eco rd  t o  t h e  end t r a c e s .  However, w i th  a s h o r t e r  spread  i t  may be 
p o s s i b l e  t o  map t h e  bottom of t h e  b r e c c i a t e d  zone by r e f l e c t i o n  methods. 
Continuous r e f l e c t i n g  ho r i zons  w i t h i n  t h e  b r e c c i a t e d  zone may n o t  e x i s t .  
The s h o r t  r e f r a c t i o n  sp reads  y i e l d e d  good results. A good r e f r a c t -  
1). 
ing  l a y e r  w a s  mapped from t h e  edge of t h e  c r a t e r  outward t o  t h e  end of  
t h e  r e c o r d i n g  sp reads  ( f i g .  2 ) .  C o r r e l a t i o n s  wi th  a c o r e  h o l e  d r i l l e d  
a long  t h e  recorded  l i n e  i n d i c a t e s  t h a t  t h e  r e f r a c t i n g  l a y e r  i s  about  
6 m below t h e  top of the  i n - s i t u  Kaibab and probably  cor responds  t o  t h e  
unbroken o r  s l i g h t l y  broken Kaibab Limestone. Depth of t h i s  l a y e r  ranged 
from 90 m a t  t h e  edge of  the c rz t e r  to 25 m z distaiice of 220 m r'rom 
t h e  r i m .  
The long r e f r a c t i o n  spread on t h e  sou th  r i m  w a s  ana lyzed  u t i l i z i n g  
t h e  r e s u l t s  of  t h e  s h o r t  r e f r a c t i o n  sp reads  f o r  n e a r - s u r f a c e  c o r r e c t i ~ n s .  
P r e l i m i n a r y  a n a l y s i s  of f i r s t  a r r i v a l s  i n d i c a t e d  t h a t  f o u r  d i s t i n c t  
s e i s m i c  h o r i z o n s  e x i s t :  a nea r - su r face  800- t o  1000-mps (me te r s  p e r  
second) l a y e r  which t h i n s  outward from t h e  c r a t e r  r i m ,  a 2000- t o  2500- 
mps h o r i z o n  unde r ly ing  t h i s ,  a 2700- t o  3200-mps ho r i zon  n e a r  t h e  s u r -  
f a c e  i n  the  r e g i o n  una f fec t ed  by the c r a t e r  and a p p a r e n t l y  ex tend ing  
downward about 700 m t o  t h e  Redwall Limestone, which appears  a s  a 5500- 
t o  5300-mps h o r i z o n  ( f i g .  2 ) .  
The 2CCO- t o  2500-mps l a y e r  may be of c o n s i d e r a b l e  i n t e r e s t .  I n  
p r o f i l e  i t  appea r s  as  a wedge, t h i c k  n e a r  the  c r a t e r  r i m  and t h i n n i n g  
outward t o  ze ro  a t  about 1000 m from t h e  r i m .  P h y s i c a l l y  i t  may 
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r e p r e s e n t  a zone of  s l i g h t l y  f r a c t u r e d  rock. 
s i g n i f i c a n c e  i s  a t t a c h e d  t o  i t ,  v e l o c i t y  d i s t r i b u t i o n  o u t s i d e  t h i s  zone 
must b e  i n v e s t i g a t e d  from la ter  recorded  arr ivals .  
However, b e f o r e  any rea l  
North r i m  
The long o f f s e t  r e f r a c t i o n  spread  on t h e  n o r t h  r i m  d i d  n o t  have 
accompanying s h o r t  r e f r a c t i o n  sp reads  f o r  a c c u r a t e  n e a r - s u r f a c e  c o r r e c -  
t i o n s .  
sou th  r i m .  
However, c o n d i t i o n s  h e r e  appear  t o  be  s imi la r  t o  t h o s e  on t h e  
Bot tom 
Severa l  r e f l e c t i o n s  were ob ta ined  from t h e  sp reads  r eco rded ,  a long  
t h e  N-S l i n e  i n  t h e  bottom o f  t h e  c r a t e r ,  b u t  t hey  were d i scon t inuous .  
With few except ions  r e f l e c t i o n s  were poor  and d i f f i c u l t  t o  c a r r y  from 
one r eco rd  t o  t h e  next .  Severe n o i s e  t r a i n s  w e r e  observed on t h e  r e c o r d s ,  
and t h i s  probably accounts  f o r  t h e  d i s c o n t i n u i t i e s .  
r eco rd ing  techniques  may improve r eco rd  q u a l i t y .  
More s o p h i s t i c a t e d  
F i r s t  r e f r a c t i o n  b reaks  from t h e  r e f l e c t i o n  sp reads  gave in fo rma t ion  
on two shal low beds. The f i r s t  l a y e r  h a s  a t h i c k n e s s  o f  about  1 m y  whi le  
t h e  second l a y e r  i s  apprec i ab ly  i r r e g u l a r .  
from 3 t o  12 m ( f i g .  2 ) .  
The dep th  of t h i s  l a y e r  ranges  
The r e f r a c t i o n  s p r e a d s ,  i n  a d d i t i o n  t o  conf i rming  in fo rma t ion  ob- 
t a i n e d  from t h e  s h o r t e r  r e f l e c t i o n  s p r e a d s ,  showed t h e  p re sence  of  a 
good r e f r a c t i n g  l a y e r  about  60 m below t h e  bottom of  t h e  c r a t e r .  
l a y e r ,  with a v e l o c i t y  of  2200 mps, i s  f a i r l y  l e v e l  and p robab ly  c o r r e s -  
ponds t o  the  p r e s e n t  water t a b l e  benea th  t h e  c ra te r  f l o o r .  
Th i s  
Delay times w i t h i n  t h e  c r a t e r  from long o f f s e t  s h o t  p o i n t s  were 
analyzed u t i l i z i n g  r e s u l t s  from t h e  s h a l l o w  r e f r a c t i o n  spreads .  Typ ica l  
v e l o c i t y  of w a t e r - s a t u r a t e d  pu lve r i zed  m a t e r i a l  and u n d e r l y i n g  f r a c t u r e d  
rock was cons idered  t o  be 2000 mps. I n  t h e  c e n t e r  of t h e  c r a t e r ,  t h i c k -  
nes s  of  a 2000-mps zone would be approximate ly  270 m ( f i g .  2 ) .  
s i o n  of  the 60 m of o v e r l y i n g  d r y  p u l v e r i z e d  m a t e r i a l  g i v e s  a t o t a l  
maximum th i ckness  of  approximate ly  350 m of p u l v e r i z e d ,  b r e c c i a t e d  and 
h i g h l y  f r a c t u r e d  rock. Thickness  of  t h i s  zone d e c r e a s e s  r a p i d l y  away 
from t h e  c e n t e r .  
I n c l u -  
Midway between t h e  c e n t e r  and b o t h  t h e  n o r t h  and sou th  
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r i m s ,  combined t h i c k n e s s  i s  approximately 150 m y  a dec rease  of about  
18G m y  o r  s l i g h t l y  over  50 percent .  C o n f i g u r a t i o n  of t h i s  zone f u r t h e r  
outward from t h e  c e n t e r  could n o t  be a c c u r a t e l y  determined.  
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SOUTHERN COULEE REFRACTION STUDIES 
by J e r r y  H. Hassemer, J o e l  S. Watkins,  Richard H. Godson, 
and Hans D. Ackermann 
' 0  
ABSTRACT.--Seismic r e f r a c t i o n  d a t a  from a c c e s s i b l e  p o r t i o n s  of 
Southern  Coulee of t h e  Mono C r a t e r s  show s u r f a c e  v e l o c i t i e s  ranging  from 
160 t o  600 mps  and v e l o c i t i e s  ranging  up t o  2000 mps a t  depth.  Zones 
wi th  d i s t i n c t i v e  v e r t i c a l  v e l o c i t y  d i s t r i b u t i o n s  c o r r e l a t e  i n  v a r y i n g  
degrees  wi th  l o t h o l o g i c  and morphologic u n i t s  i n f e r r e d  from geo log ic  map- 
p ing  and wi th  c o r i n g  da ta .  
d e p t h s  ( l e s s  t han  20 m) benea th  the dome and a d j a c e n t  p o r t i o n s  of t h e  
flow. No s i g n i f i c a n t l y  h ighe r  v e l o c i t y  media were i n d i c a t e d  t o  dep ths  o f  
60 m benea th  t h e  t a l u s  s l o p e  on the flow a t  200 t o  300 m from t h e  dome. 
Higher v e l o c i t i e s  are thought t o  r e p r e s e n t  h a r d e r ,  dense r  m a t e r i a l  
unde r ly ing  a f r o t h y ,  low-dens i ty  c r u s t .  
Seismic d a t a  i n d i c a t e  r e l a t i v e l y  h ighe r  v e l o c i t y  media a t  sha l low 
I n  t roduc t i o n  
Southern  Coulee of t h e  Mono Craters c o n s i s t s  p r i m a r i l y  of r h y o l i t i c  
pumice wi th  l o c a l  occu r rences  of obs id i an .  
f low) i s  g e n e r a l l y  covercd wi th  b locks  of pumice r ang ing  i n  d e n s i t y  from 
0.51 t o  2.01 g p e r  c c ,  and i n  s i z e  from a few c e n t i m e t e r s  t o  a meter  o r  
more. Loca l ly  t h e  pumice i s  covered wi th  a s h ,  which w a s  l e s s  t han  5 m 
t h i c k  where dep th  w a s  s e i s m i c a l l y  determined. Extremely low d e n s i t i e s  of  
t h e  pumice and ev idence  t h a t  t h e  s u r f a c e  of l a v a  ex t ruded  i n t o  t h e  l u n a r  
vacuum may be h i g h l y  sco r i aceous  o r  pumiceous recommends t h i s  s i t e  as one 
of t h e  most promising l u n a r  analogs conven ien t ly  a v a i l a b l e  f o r  study. 
The s u r f a c e  of t h e  Coulee ( o r  
R. A. Loney conducted geologic  f i e l d  surveys  and a n a l y s e s  of  a e r i a l  
photography of the  Coulee i n  F i s c a l  Year 1965, r e p o r t i n g  h i s  p r e l i m i n a r y  
i n t e r p r e t a t i o n  of  t h e  f i e l d  d a t a  i n  a p rev ious  In  S i t u  P h y s i c a l  Proper -  
t i e s  Q u a r t e r l y  Report (Loney, 1964). A topographic  map, s c a l e  l : 5 O O O ,  
con tour  i n t e r v a l  20 f t ,  w a s  subsequent ly  prepared  by topographers  o f  the 
Branch of Astrogeology. The map w i l l  be pub l i shed  as p a r t  of a f i n a l  
r e p o r t  on Southern Coulee,  bu t  p r e p r i n t s  a r e  a v a i l a b l e  upon r eques t .  
Seismic f i e l d  s t u d i e s  were begun on t h e  t r a f f i c a b l e  p o r t i o n  of the , 
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Coulee du r ing  t h e  summer o f  1964 and completed d u r i n g  t h e  summer of 1965. 
The p r e s e n t  r e p o r t  d e s c r i b e s  observed P-wave v e l o c i t y  v a r i a t i o n s  and sub- 
s u r f a c e  geologic  s t r u c t u r e  i n f e r r e d  from v e l o c i t y  da t a .  A b r i e f  summary 
of r e l a t i o n s  between s e i s m i c a l l y  i n d i c a t e d  s t r u c t u r e  and Loney's (l96J-t) 
i n f e r e n c e s  of s u r f a c e  l i t h o l o g y  and morphology i s  a l s o  included.  
A s e p a r a t e  r e p o r t  i n  t h i s  volume (Roach and o t h e r s )  i n c l u d e s  com- 
p rehens ive  d a t a  on d e n s i t y ,  p o r o s i t y ,  p e r m e a b i l i t y ,  and po re  geometry 
determined from c o r e s  taken d u r i n g  t h e  summer of 1965. 
Seismic Data 
On the  b a s i s  o f  d i s t r i b u t i o n  o f  s e i s m i c  v e l o c i t i e s  recorded a t  
v a r i o u s  p r o f i l e  l o c a t i o n s  and i n f e r r e d  s u b s u r f a c e  s t r u c t u r e ,  t h e  s t u d i e d  
p o r t i o n  o f  Southern Coulee can  be d i v i d e d  i n t o  f o u r  d i f f e r e n t  zones ( f i g .  1). 
Zone 1. Sur face  v e l o c i t i e s  o f  500 t o  540 mps w i t h  no deepe r  l a y e r s  
d e t e c t e d .  
Zone 2. Su r face  v e l o c i t i e s  of 160 mps u n d e r l a i n  a t  sha l low d e p t h s  
( l e s s  than 5 m) by a 350-mps l a y e r .  
w i th  a minimum v e l o c i t y  of 725 mps occurs .  
A t  d e p t h s  of 8 t o  17 m a t h i r d  l a y e r  
Zone 3. Su r face  v e l o c i t i e s  o f  350 t o  500 rnps u n d e r l a i n  by a 1000- 
t o  1350-mps l a y e r  a t  dep ths  between 2 and 2 1  m. 
Zone 4. Su r face  v e l o c i t i e s  of 350 t o  600 mps u n d e r l a i n  by a 1500- 
t o  2000-mps l a y e r  a t  20 m o r  less.  
F igu res  2 and 3 are diagrammatic s e c t i o n s  a l o n g  t h e  s p r e a d s  showing 
dep ths  t o  the  v a r i o u s  l a y e r s  i n f e r r e d  from t h e  s e i s m i c  d a t a .  
P r o f i l e  and spread d e s i g n a t i o n  
Each p r o f i l e  c o n s i s t s  o f  3 superimposed s p r e a d s  of 175, 70, and 
j g  m ,  each wi th  a common end geophone. Each sp read  was g iven  a l e t t e r  
d e s i g n a t i o n ,  hence a complete p r o f i l e  d e s i g n a t i o n  c o n s i s t s  of  3 l e t t e r s ,  
f o r  example, p r o f i l e  A B C c o n s i s t s  of  the 3 5 - m  sp read  A, t h e  7 0 - m  spread 
C ,  and the 1 7 5 - m  spread B. Spread HH i s  an  anomalous 325 m i n  l e n g t h .  
S h o r t e r  spreads p rov ide  d e t a i l e d  d a t a  on n e a r - s u r f a c e  m a t e r i a l s ,  whereas 
longer  spreads gave more g e n e r a l i z e d  i n f o r m a t i o n  on deepe r  s t r u c t u r e .  
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EXPL AN AT1 ON 
ZONE 2 ZONE 4 
F i g u r e  1.--Seismic zones,  p r o f i l e  and spread l o c a t i o n s  a t  Southern Coulee- 
Mono C r a t e r s ,  C a l i f o r n i a .  See f i g u r e s  4 and 5 f o r  l o c a t i o n  of 
sp reads  r e l a t i v e  t o  t h e  a r e a l  d i s t r i b u t i o n  of l i t h o l o g i c  and rnorpho- 
l o g i c  u n i t s  a t  Southern Coulee. 
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C h a r a c t e r i s t i c s  o f  zones 
I n t e r p r e t a t i o n  of s e i smic  d a t a  from Southern Coulee i s  ambiguous 
t o  some e x t e n t  because v e l o c i t i e s  are n o t  d i s t r i b u t e d  acco rd ing  t o  
s imple geometr ies  of c l a s s i c a l  r e f r a c t i o n  theory.  M u l t i p l e  s p r e a d s  and 
m u l t i p l e  sho t  p o i n t s  employed i n  t h e  f i e l d  surveys a l l e v i a t e  some ambi- 
g u i  t y  , however. 
Zone 1. Zone 1 i s  n e a r  t h e  edge o f  t h e  c r a t e r ,  c o n s i s t s  o f  mater ia l  
having v e l o c i t i e s  of 500 t o  540 mps and i n c l u d e s  o n l y  t h e  p r o f i l e  J K L. 
P r o f i l e  J K L d a t a  i n d i c a t e s  no s i g n i f i c a n t l y  f a s t e r  l a y e r s  t o  a minimum 
dep th  o f  50 m. 
Zone 2. Zone 2 t y p i c a l l y  has  a s u r f a c e  l a y e r  w i th  a v e l o c i t y  o f  
160 mps c o r r e l a t i v e  wi th  2 t o  5 m o f  a s h  observed i n  t h e  area. 
mps v e l o c i t y  i s  t h e  lowest  observed i n  s i t u  d u r i n g  P r o j e c t  o p e r a t i o n s .  
S l i g h t l y  lower v e l o c i t i e s  are r e p o r t e d  i n  t h e  l i t e r a t u r e ,  however ( f o r  
example, Domzalski, 1956). Beneath i s  a 1 0 - m  l a y e r  w i t h  v e l o c i t i e s  
r ang ing  from 350 t o  440 mps. 
v e l o c i t y  of 725 mps. 
The 160- 
The d e e p e s t  l a y e r  i n  the zone h a s  a minimum 
P r o f i l e s  Y Z AA, P Q R ,  and t h e  s o u t h e r n  end o f  p r o f i l e  M N 0 are 
w i t h i n  zone 2. 
p r o f i l e  Y 2 AA. 
The h i g h e s t  zone 2 v e l o c i t y ,  880 mps, w a s  observed on  
Zone 5. Zone j t y p i c a l l y  c o n s i s t s  of  a s u r f a c e  l a y e r  whose v e l o c i t y  
v a r i e s  from 350 t o  500 m p s  u n d e r l a i n  by a 1000- t o  1400-mps l a y e r .  Pro- 
f i l e s  A B C y  S T U ,  BB CC DD and t h e  cen t ra l  p o r t i o n  of p r o f i l e  M N 0 
a r e  w i t h i n  t h i s  zone. Zone 2 v e l o c i t i e s  immediately below the a s h  l a y e r  
a r e  approximately t h e  same as those  s u r f a c e  v e l o c i t i e s  o f  zone 3 ,  b u t  
v e l o c i t i e s  of deepe r  l a y e r s  i n  bo th  zones d i f f e r  somewhat. Zone 2 may 
be an ash-covered f a c i e s  of zone 3. 
High a t t e n u a t i o n  and l o c a l  n o i s e  a l o n g  p r o f i l e  A B C p r o h i b i t e d  
a c c u r a t e  p l o t t i n g  o f  a r r i v a l  times beyond 80 m from s h o t  p o i n t s .  However, 
two s h o r t e r  sp reads  a t  t he  s o u t h e r n  end o f  t h i s  p r o f i l e  i n d i c a t e  a 500- 
mps l a y e r  u n d e r l a i n  by a r(OO-mps l a y e r  d i p p i n g  norLhward ( f i g .  3 ) .  
1000-mps l a y e r  i s  observed a t  a dep th  of  21 m on t h e  s o u t h e r n  end and a t  
a dep th  l e s s  than 5 m a t  t h e  n o r t h  end o f  t h i s  p r o f i l e .  High-energy 















































































































































and BB CC DD. However, i f  apparent  v e l o c i t i e s  are approximate ly  t h e  
same as t r u e  v e l o c i t i e s  i n  t h e s e  p r o f i l e s ,  t hen  t h e  420-mps l a y e r  i s  6 m 
t h i c k  on S T U and t h e  44O-mps l a y e r  i s  18 m t h i c k  on t h e  southwest  end 
of  BB CC DD. A 1350-mps l a y e r  u n d e r l i e s  420 t o  440 mps materials on both  
..%--&4 1 o e  y L " " - - - .  
Low-veloci ty  mater ia l  i n  the c e n t r a l  p o r t i o n  of  M N 0 ( f i g .  2) i s  
u n d e r l a i n  by a 1250-mps l a y e r  a t  a dep th  of  about  15 m. The low-veloc i ty  
m a t e r i a l  t h i c k e n s  under  t h e  southern  end. The 2000-mps l a y e r  observed 
on t h e  n o r t h  end w a s  n o t  d e t e c t e d  on t h e  sou th  end. 
Zone 4. Zone 4 i s  c h a r a c t e r i z e d  by low v e l o c i t y  (400 t o  TOO mps) 
s u r f a c e  material u n d e r l a i n  i n  p a r t  by a l 5 O G t o  2000-mps material. 
G H I ,  EE FF GG,  and t h e  325-m p r o f i l e  HH, l i e  e n t i r e l y  w i t h i n  t h i s  zone. 
The n o r t h  end of  M N 0 i s  shown ( f i g .  1) b u t  d a t a  j u s t i f y i n g  t h i s  rela- 
t i o n s h i p  a r e  l i m i t e d .  
A s  i n  some o t h e r  areas, r e v e r s a l s  d i d  n o t  y i e l d  f i r s t  b reaks  which 
could  be  picked wi th  conf idence ,  and o n l y  s h o r t e r  sp reads  were used t o  
de te rmine  t h i c k n e s s e s  of  t h e  35O-mps l a y e r  a long  p r o f i l e  G H I ( f i g .  3) .  
Apparent  v e l o c i t i e s  observed along t h i s  p r o f i l e  sugges t  t h a t  a 1000-mps 
l a y e r  may b e  p r e s e n t  below t h e  35O-mps l a y e r ;  i f  s o ,  t h e  2000-mps l a y e r  
i s  deeper  than  i n d i c a t e d  i n  f i g u r e  3. 
High a t t e n u a t i o n  and l o c a l  no i se  on HH r e s u l t e d  i n  weak f i r s t  b r e a k s ,  
b u t  f i r s t  t roughs  i n d i c a t e  a th i cken ing  of t h e  500- t o  54O-mps l a y e r  nea r  
t h e  sou the rn  end of t h e  spread.  
On t h e  n o r t h  end of  M N 0 ,  the  2000-mps l a y e r  i s  w i t h i n  2 m of t h e  
s u r f a c e  ( f i g .  2) , b u t  i n  t h e  c e n t e r  o f  M N 0 ,  t h e  2000-mps l a y e r  d i sap -  
p e a r s  as 44O-mps s u r f a c e  material th ickens .  The r eco rd  from t h e  sou th  
s h o t  p o i n t  sugges t s  t h a t  a l a y e r  with a v e l o c i t y  g r e a t e r  t han  2000 mps 
may e x i s t  a t  a minimum depth  of 25 m n e a r  t h e  sou the rn  end. 
Re la t ion  of  Seismic and Geologic  Data 
F i g u r e s  4 and 5 show t h e  r e l a t i o n  of r e f r a c t i o n  p r o f i l e s  t o  l i t h o -  
l o g i c  and morphologic u n i t s  of the  Southern Coulee as mapped by Loney 
(1Ja). 
of d e n s i t i e s  of  s u r f a c e  m a t e r i a l s  because t h e r e  were few d e f i n i t i v e  
The l i t h o l o g i c  u n i t s  def ined  by Loney were d e f i n e d  on t h e  bas i s  
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Figure  4 . - -Re la t ion  of  r e f r a c t i o n  p r o f i l e s  and l i t h o l o g i c  u n i t s  of t h e  Southern  
Coulee ( a f t e r  Loney , 1964) .  














d i f f e r e n c e s  i n  chemical  composi t ion of t h e  materials and because f low 
rocks  m i n e r a l o g i c a l l y  c o n s i s t e d  l a r g e l y  of  g l a s s .  
Seismic p r o f i l e s  a r e  l i m i t e d  t o  t h e  a c c e s s i b l e  p o r t i o n  of  t h e  f low,  
which i n  t u r n  i s  determined by roads  b u i l t  by t h e  U.S. Pumice Supply 
Company f o r  qua r ry ing  pumice. 
consequent ly  roads  are g e n e r a l l y  r e s t r i c t e d  t o  t h i s  a rea .  
one p ro f i l e ,M N 0 ,  i s  loca t ed  on t h e  u n i t  of h i g h e s t  d e n s i t y ;  no pro-  
f i l e s  are loca ted  on t h e  u n i t  o f  i n t e r m e d i a t e  d e n s i t y ;  and o n l y  J K L 
i s  loca t ed  on t h e  t a l u s  s lope .  Most of t h e  remaining d a t a  are from t h e  
u n i t  of lowest  d e n s i t y ,  a l though P Q R and Y Z AA as w e l l  as p a r t s  of  
M N 0 and EE FF GG are loca ted  on an  ash  d e p o s i t .  
end of M N 0 ,  which i s  loca t ed  on t h e  u n i t  of h i g h e s t  d e n s i t y ,  i n d i c a t e  
a 2000-mps l a y e r  a t  a depth  of  about  2 m y  a v e l o c i t y  c o n s i s t e n t  w i th  
h i g h e r  d e n s i t y  material. 
Low-density pumice has  t h e  g r e a t e s t  v a l u e ,  
Only p a r t  of 
Data from t h e  n o r t h  
The two p r o f i l e s  e n t i r e l y  w i t h i n  t h e  a s h  d e p o s i t ,  P Q R and Y Z AA 
have 160-mps s u r f a c e  v e l o c i t i e s ,  which are c o r r e l a t i v e  wi th  t h e  a sh  de- 
p o s i t s .  
bu t  d a t a  sugges t  t h a t  t h e  a sh  i s  too  t h i n  ( less  than  2 m t h i c k )  t o  be 
de t ec t ed .  
which i s  w i t h i n  the gene ra l  range of  t h e  low-dens i ty  m a t e r i a l s .  
M N 0 ,  and EE FF GG and HH are a l s o  i n  p a r t  on t h e  a s h  d e p o s i t s ,  
The one p r o f i l e  on t h e  t a l u s ,  J K L ,  h a s  a v e l o c i t y  of 540 mps, 
S i x  p r o f i l e s  l oca t ed  on t h e  low-dens i ty  u n i t  have s u r f a c e  v e l o c i t i e s  
ranging  from 350 mps on G H I t o  TOO mps on t h e  sou the rn  end of  A B C. 
Su r face  v e l o c i t i e s  tend t o  be s l i g h t l y  lower i n  t h e  n o r t h e r n  p o r t i o n s  o f  
t he  u n i t ,  t h a t  i s ,  t h e  n o r t h e r n  p a r t  of EE FF GG and HH (400 mps) , G H I 
(350 mps) ,  BB CC DD (440 mps) and S T U (420 mps) r e l a t ive  t o  v e l o c i t i e s  
i n  t h e  southern  p a r t  of t h e  u n i t  where v e l o c i t i e s  of  700 mps are observed  
on the  southern  end of EE FF G G ,  HH, s o u t h e r n  end of A B C ;  and on D E F ,  
where s u r f a c e  v e l o c i t i e s  range from 500 t o  600 mps. These p r o f i l e s  a r e  
widely d i s p e r s e d ,  however, and t h e  appa ren t  areal  v a r i a t i o n  of v e l o c i t i e s  
may be c o i n c i d e n t a l .  
I n  g e n e r a l ,  s e i smic  zone 1 ( w i t h  t h e  e x c e p t i o n  o f  p a r t  of M N 0 ) ,  
i s  c o r r e l a t i v e  wi th  the  t a l u s  s l o p e ,  zones 3 and 4 are  c r u d e l y  c o r r e l a -  
t i v e  with the  u n i t  o f  lowest  d e n s i t y  wi th  t h e  e x c e p t i o n  of t h e  sou the rn  
end  of  M N 0. Zone 2 i s  c o r r e l a t i v e  wi th  t h e  a sh  d e p o s i t .  
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. 
R e l a t i o n s h i p s  between s e i s m i c a l l y  i n f e r r e d  zones and t h e  morphologic 
u n i t s ,  however, a r e  a l s o  c o r r e l a t i v e .  Three p r o f i l e s ,  BB CC DD,  S T U ,  
and A B c c o n s t i t u t i n g  t h e  bulk  of  zone 4 d a t a ,  l i e  mos t ly  on t h e  dome. 
These sp reads  have s u r f a c e  v e l o c i t i e s  ranging  from 420 t o  720 mps and 
~-,,-crl%c 2 l q e r  v h 5 s e  ~ 7 ~ 1 n r i t y  i s  1009 t o  1350 mps a t  dep ths  ranging  
from 4 t o  20 m below t h e  s u r f a c e .  
The one p r o f i l e  on t h e  t a l u s  J K L i s  unique i n  t h a t  no h i g h - v e l o c i t y  
I ts  s u r f a c e  v e l o c i t y ,  540 mps, i s  n o t  s i g n i f i c a n t l y  d i f -  l a y e r  was found. 
f e r e n t  from s u r f a c e  v e l o c i t i e s  on the dome o r  t h e  f low,  however. Data 
from t h e  wes tern  end of D E F suggest  t h a t  i t  may a l s o  l i e  on t h e  t a l u s  
s l o p e ,  a l though i t s  mapped l o c a t i o n  i s  on the flow. 
P r o f i l e s  EE FF GG, HH, G H I, and M N 0 l i e ,  f o r  t h e  most p a r t ,  on 
o u t c r o p s  of t h e  flow. Sur face  v e l o c i t i e s  range  from 350 t o  TOO mps. The 
s u r f a c e  l a y e r  i s  u n d e r l a i n  by an i r r e g u l a r  l a y e r  whose dep th  ranges  from 
2 t o  more than  40 m below t h e  s u r f a c e  and whose v e l o c i t y  ranges  from 
1250 t o  2100 mps. S t r u c t u r e  beneath the  e a s t e r n  end of  p r o f i l e  D E F 
seems s imilar  t o  t h a t  of t h e  o t h e r  f o u r  p r o f i l e s  on t h e  f low i n  t h a t  i t s  
s u r f a c e  l a y e r  (600 mps) i s  u n d e r l a i n  by a 1500-mps l a y e r  which r i s e s  t o  
w i t h i n  about 10 m of t h e  su r face .  
Hence zone 3 p r o f i l e s  a r e  g e n e r a l l y  c o r r e l a t i v e  w i t h  f low rocks.  
The p r o f i l e  M N 0 i s  anomalous as i n  t h e  c a s e  of  t h e  l i t h o l o g i c  u n i t s .  
P r o f i l e s  Y Z AA and P Q R (zone 2) a r e  a l s o  thought t o  l i e  on f low 
rocks  ( t h e  t h i n  l a y e r  of ash is  ignored) b u t  d i f f e r  s i g n i f i c a n t l y  from 
t h e  p r e v i o u s l y  desc r ibed  p r o f i l e s  on t h e  flow. S u r f a c e  v e l o c i t i e s  f o r  
Y Z AA, P Q R ,  and p a r t  of t h e  wes tern  h a l f  of D E F range  from 350 t o  
500 m p s  and a r e  u n d e r l a i n  a t  d e p t h s  of  6 t o  20 m by a l a y e r  ranging  i n  
v e l o c i t y  from 680 t o  800 mps ( t h e  extreme wes te rn  end of D E F r evea led  
no deepe r  l a y e r ,  and t h i s  may i n d i c a t e  t h a t  t h i s  p o r t i o n  of  t h e  spread  
l i e s  on the  t a l u s  s l o p e  r a t h e r  than on t h e  main p a r t  of t h e  f low).  
The p resence  of a l a y e r  wi th  a v e l o c i t y  over  1000 mps a t  r e l a t i v e l y  
sha l low dep ths  i n  t h e  dome, and a l a y e r  wi th  s imi l a r  v e l o c i t i e s  p r e s e n t  
a t  i r r e g u l a r  dep ths  beneath p r o f i l e s  EE FF GG, HH, G H I ,  M N 0 ,  and the 
e a s t e r n  end of p r o f i l e  D E F sugges t s  t h a t  t h e  dome and p a r t s  of t h e  flow 
immediately a d j a c e n t  t o  i t ,  a r e  unde r l a in  by dense r  i n t r u s i v e  m a t e r i a l .  
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The lower v e l o c i t i e s  observed i n  p r o f i l e s  P Q R ,  Y Z AA, and p a r t  of 
D E F ,  suggest  t h a t  the  main mass of  the  f low c o n s i s t s  of m a t e r i a l  o f  
lower d e n s i t i e s  ex tend ing  t o  a minimum dep th  of 50 o r  60 m. 
I n  summary, s e i smic  zone 1 d a t a  i n d i c a t e  t h a t  the t a l u s  s l o p e  i s  
not  u n d e r l a i n  by h i g h e r  v e l o c i t y  materials t o  dep ths  of 60 m y  zone 2 d a t a  
suggest  t h a t  f low rocks a t  some d i s t a n c e  from the  dome have v e l o c i t i e s  
l e s s  than 800 mps t o  dep ths  of 60 m y  and zone 3 d a t a  sugges t  t h a t  t h e  
h ighe r  v e l o c i t y  m a t e r i a l  observed a t  sha l low dep ths  i n  t h e  dome (zone 4) 
extends i r r e g u l a r l y  benea th  f low rocks n e a r  the  dome. 
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' 8  SH-WAVE INVESTIGATIONS OF SHALLOW I N  SITU MATERIALS > 
by James H .  Whitcomb 
ABSTRACT.--SH-wave propagat ion  through sha l low ( less  t h a n  30 m deep) 
i n  s i t u  m a t e r i a l s  h a s  been s tud ied  a t  a number of s i t e s  us ing  t h e  a n g u l a r  
t r a n s d u c e r  technique  of d e t e c t i o n  (Whitcomb, 1965).  
I n  s i t u  e l a s t i c  moduli were c a l c u l a t e d  us ing  d ry  bu lk  d e n s i t y  (from 
co re  and hand s a m p l e s ) ,  I)-wave ve!ocity, and SH-wave i ie loc lcy .  P r e l i m i -  
nary a n a l y s i s  of t h e  r e l a t i o n s h i p  of t h e  e l a s t i c  moduli and SH-wave 
v e l o c i t y  show t h a t  t h e  s h e a r  modulus can b e  e s t ima ted  by t h e  r e l a t i o n  
lw = 2.35 ln@ + 7.50,  
where p i s  t h e  s h e a r  modulus (x l o l o  dynes/cm ) and B i s  SH-wave v e l o c i t y  
( m p s ) .  
2 
S i m i l a r l y ,  Young's modulus can  b e  e s t ima ted  by 
1nE = 2.07 In@ + 9.80,  
2 where E i s  t h e  Young's modulus (x l o l o  dynes/cm ) .  
Laboratory-determined e l a s t i c  moduli  f o r  t h r e e  of t h e  s i t e s  were 
p l o t t e d  w i t h  t h e  same s c a l e  as i n  s i t u  v a l u e s .  These l a b o r a t o r y  d a t a  
p l o t  i n  a group n e a r  the i n  s i t u  d a t a  of t h e  most competent rock ,  namely 
a homogeneous, s o l i d  g r a n i t e ,  i n s t e a d  of n e a r  t h e i r  r e s p e c t i v e  i n  s i t u  
v a l u e s .  It i s  i n f e r r e d  from t h i s  o b s e r v a t i o n  t h a t  f r a c t u r i n g  and a s so -  
c i a t e d  v o i d s ,  i n s t e a d  of rock composi t ion,  are dominant f a c t o r s  c o n t r o l -  
l i n g  e l a s t i c  p r o p e r t i e s  of nea r - su r face  i n  s i t u  geo log ic  m a t e r i a l s .  
l a t e d  t o  t h e  parameter 8 where 8 = d r y  b u l k  d e n s i t y / P o i s s o n ' s  r a t i o .  
The degree  of f r a c t u r i n g  and a s s o c i a t e d  v o i d s  of t h e  s i t e s  a re  re- 
I n t r o d u c t i o n  
Whitcomb (1965) shoved that  S I I  waves can b e  d e t e c t e d  by i n s r r u m e n t s  
t h a t  measure a n g u l a r  ground motion of i n  s i t u  materials.  This  a b i l i t y  
i s  based on a mathematical  c h a r a c t e r i s t i c  of body wave t r a n s m i s s i o n ,  
t h e  c ros s -p roduc t  o r  c u r l  of compressional  waves i s  ze ro  and t h a t  of 
s h e a r  waves i s  n o t  ze ro .  E ight  angu la r  acce le romete r s  w i th  a s e n s i t i v -  
i t y  of 0 . 1  mv/rad /sec2  were used i n  a n  a r r a y  f o r  t h e  de t ec t i . on  of d i r e c t  
and r e f r a c t e d  SH waves. 
A f t e r  t e s t i n g  d i f f e r e n t  types of energy s o u r c e s ,  a s m a l l ,  bu r i ed  
e x p l o s i v e  proved t o  be t h e  most p r a c t i c a l  means f o r  g e n e r a t i n g  SH waves. 
Except i n  v o l c a n i c  a sh  s i t e s ,  t h e  sma l l  exp los ive  was placed i n  t h e  rock 
t o  cause  f r a c t u r i n g ,  an  e f f e c t  t h a t  a lmost  always s u c c e s s f u l l y  genera ted  
SH waves i n  s o l i d  m a t e r i a l s .  
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SH-wave i n v e s t i g a t i o n s  of t h e  i n  s i t u  s i t e s  are incomple te ;  how- 
e v e r ,  many da ta  a l r e a d y  ga the red  p e r m i t  p re l imina ry  c a l c u l a t i o n s  of some 
of t h e  phys ica l  parameters  f o r  t h e  s i t e s .  Because f i e l d  work i s  incom- 
p l e t e  and t h e  p r e s e n t  need i s  f o r  s i m p l i c i t y ,  a n  average  of t h e  v a r i o u s  
c a l c u l a t e d  p h y s i c a l  parameters  i s  used f o r  each s i t e .  
I n  t h i s  r e p o r t ,  t h e  s i t e s  s t u d i e d  f o r  SH waves are b r i e f l y  d e s c r i b e d  
and average p h y s i c a l  parameters, c a l c u l a t e d  from d a t a  ga the red  bo th  i n  
s i t u  and i n  t h e  l a b o r a t o r y  from hand and c o r e  s a m p l e s ,  are  g iven .  A 
parameter i s  developed which i s  a p p l i c a b l e  t o  de te rmining  t h e  deg ree  of 
f r a c t u r i n g  and a s s o c i a t e d  vo ids  i n  a n  i n  s i t u  material. 
SH-Wave T e s t  S i t e s  
B r i e f  d e s c r i p t i o n s  of t h e  s i tes  t h a t  have been s t u d i e d  i n  t h e  SH- 
wave i n v e s t i g a t i o n  are g iven  below. More complete d e s c r i p t i o n s  of t h e  
g e n e r a l  geology a t  each s i t e  can b e  found i n  Watkins and o t h e r s  (1964, 
1965a, 1965b) .  Here, t h e  name of each s i t e  i s  preceded by i t s  i n i t i a l s ,  
which a re  used i n  t h e  i l l u s t r a t i o n s  of t h i s  r e p o r t  f o r  b r e v i t y  and c l a r i t y .  
SG--Sonora G r a n i t e .  T h i s  g r a n i t e  i s  c o a r s e l y  p o r p h y r i t i c ,  p a l e  
p ink ,  g e n e r a l l y  unweathered, n e a r l y  homogeneous, and s p a r s e l y  j o i n t e d .  
U--Kaibab Limestone. The u n i t  c o n s i s t s  of a sequence ,  80 m t h i c k ,  
of l imestone beds and in te rbedded  l i m e s t o n e -  c l a s t i c  beds of Permian a g e .  
MMH--Middle Mesa. Th i s  s i t e  c o n s i s t s  of a c ross -bedded ,  s l i g h t l y  
cemented sandstone.  The bedding i s  h o r i z o n t a l  and f r a c t u r i n g  i s  s l i g h t .  
MMT--Middle Mesa. Th i s  s i t e  c o n s i s t s  of a cross -bedded ,  s l i g h t l y  
cemented sandstone.  Prominent c ross -bedding  p l anes  are  v e r t i c a l  and 
t h e r e  are ex tens ive  v e r t i c a l  f r a c t u r e  p l a n e s  p e r p e n d i c u l a r  t o  t h e  se i smic  
s p r e a d .  
BT--Bishop Tuff .  This  rock is  a p a r t i a l l y  welded,  r h y o l i t i c  t u f f  
of P l e i s t o c e n e  a g e ,  30 t o  60 m t h i c k .  The upper  10 o r  15 m i s  welded,  
h a r d ,  and dense,  bu t  m a t e r i a l  benea th  i s  unwelded and less  dense  t o  a n  
unknown depth.  The upper  10 t o  15 rn of t u f f  i s  a w e l l - i n d u r a t e d  rock 
and i s  t i g h t l y  j o i n t e d  i n  polygonal  columns about  0 . 7  rn i n  d i a m e t e r .  
KB--Kana-a Basalt .  This  i s  a Recent aa l a v a  f low composed of 
o l i v i n e  b a s a l t  whose upper  s u r f a c e  c o n s i s t s  of j a g g e d ,  s p i n o s e ,  v e s i c u l a r ,  
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c l i n k e r y  b locks  and plates  of l a v a  t h a t  g rade  a t  d e p t h  i n t o  a f a i r l y  
m a s s i v e  b a s a l t  w i t h  va ry ing  degrees  of v e s i c u l a r i t y .  
KA--Kana-a Ash. Th i s  m a t e r i a l  o v e r l i e s  t h e  Kana-a Basalt and con- 
s i s t s  of v o l c a n i c  a sh  d e p o s i t s  up t o  13 m t h i c k  a t  t h e  s tudy  s i t e .  
MT--Mono T u f f .  Th i s  rock i s  found a t  dep th  benea th  t h i c k  d e p o s i t s  
of v o l c a n i c  a sh  a t  t h e  Mono Ash s i t e .  It i s  assumed t o  b e  similar t o  
Bishop Tuff material. 
MA--Mono Ash. This  material c o n s i s t s  of a t h i c k  l a y e r  of wh i t e  
pumiceous a sh  and ? a p i ? ? l .  
SC--Southern Coulee. The s i t e  c o n s i s t s  of l o o s e l y  p i l e d  a n g u l a r  
b locks  of r h y o l i t i c  pumice and obs id i an .  
I n  S i t u  E l a s t i c  Moduli 
Table 1 shows average  v a l u e s  of d e n s i t y ,  SH-wave v e l o c i t y ,  P-wave 
v e l o c i t y ,  Po i s son ' s  r a t i o ,  s h e a r  modulus, Young's modulus, and bu lk  
modulus c a l c u l a t e d  f o r  t h e  t e s t  s i tes  d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n .  
Because d e n s i t y ,  SH-wave v e l o c i t y ,  and P-wave v e l o c i t y  are d a t a  para- 
me te r s  t h a t  can be  measured d i r e c t l y ,  i t  i s  n a t u r a l  t o  examine ca l cu -  
l a t e d  p h y s i c a l  parameters  of i n  s i t u  materials as f u n c t i o n s  of one o r  
more of t h e  t h r e e  o r i g i n a l  parameters .  Because t h i s  i n v e s t i g a t i o n  i s  
concerned p r i m a r i l y  w i t h  SH waves, all p h y s i c a l  p r o p e r t i e s  are t r e a t e d  
i n  t h e  i l l u s t r a t i o n s  as a f u n c t i o n  of P, t h e  SH-wave v e l o c i t y .  
Dry bulk  d e n s i t i e s  of a sh  d e p o s i t s  were c a l c u l a t e d  from c y l i n d r i c a l  
s ~ ~ p ? e s  taken f r o m  t h s  s t i r faces  of the d e p o s i t a ;  21: o t h e r  d ry  derlsi-  
t i e s  were c a l c u l a t e d  from hand and c o r e  specimens from t h e  s i t e s ,  Thus,  
t h e  d e n s i t y  v a l u e s  i n  t h e  t a b l e  are n o t  a c t u a l l y  i n  s i t u  v a l u e s ,  t h a t  i s ,  
they do not  r e p r e s e n t  a l a r g e  sample of i n  s i t u  material which inc ludes  
v o i d s  between b l o c k s .  
F igu re  1 shows a p l o t  of d r y  bulk  d e n s i t y  as a f u n c t i o n  of 8 .  It 
i s  s e e n  t h a t ,  i n  g e n e r a l ,  d e n s i t y  i n c r e a s e s  as B i n c r e a s e s ;  b u t  p o i n t s  
a r e  wide ly  s c a t t e r e d .  
F igure  2 i l l u s t r a t e s  a p l o t  of P o i s s o n ' s  r a t i o  as a f u n c t i o n  of P .  
P o i s s o n ' s  r a t i o  i s  one of t h e  more s i g n i f i c a n t  of t h e  e l a s t i c  moduli 
because  of i t s  h igh  s e n s i t i v i t y  t o  changes i n  t h e  r a t i o  of I3 t o  P-wave 
v e l o c i t y ;  t h e  g r a p h i c a l  s p r e a d  of d a t a  r e f l e c t s  t h i s  s e n s i t i v i t y .  A t  
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t h e  lowest v a l u e s  of P ,  Poi s son ' s  r a t i o  appears t o  be  i n c r e a s i n g  t o  t h e  
t h e o r e t i c a l  l i m i t  of 0.5 f o r  dec reas ing  v a l u e s  of B .  A g e n e r a l  low i s  
shown around t h e  B = 1000 mps a r e a  of t h e  curve  followed by t h e  s i n g l e  
v a l u e  of .285 f o r  g r a n i t e  a t  8 = 2800 mps. A t  p r e s e n t ,  a p re l imina ry  
estimate of P o i s s o n ' s  r a t i o  as a f u n c t i o n  of B f o r  a n  average  n e a r -  
s u r f a c e  material would be:  a n  approach t o  0.5 f o r  v a l u e s  of P lower 
than  150 mps, a d e c r e a s e  t o  about  0.2 i n  t h e  v i c i n i t y  of P = 1000 mps ,  
and an i n c r e a s e  t o  0.25 t o  0.30 f o r  v a l u e s  of B above 2000 m p s .  
F i g u r e  3 i s  a p l o t  of t h e  s h e a r  modulus as 2 f u n c t i o n  s f  P .  Shear  
modulus i s  governed by t h e  equa t ion  
2 
C l = p P ,  
where p i s  t h e  s h e a r  modulus, and p t h e  d e n s i t y .  Because t h e  magnitude 
of p v a r i e s  l i t t l e  compared t o  t h a t  of @ f o r  t h e  samples ,  p e x h i b i t s  a 
d i r e c t  r e l a t i o n s h i p  t o  B when p l o t t e d  l o g a r i t h m i c a l l y .  I f  p were con- 
s t a n t  t h e  e q u a t i o n  f o r  t h e  r e l a t i o n s h i p  would be 
l n p  = 2 1nP + C .  
However, t h e  e q u a t i o n  of a s t r a i g h t  l i n e ,  f i t t e d  t o  t h e  d a t a  by e y e ,  
has  t h e  form 
lnp = 2.35 1nP + 7.50, 
which seems t o  b e  a r easonab le  r e l a t i o n s h i p  f o r  e s t i m a t i n g  s h e a r  modu- 
l u s  (x 10" dynes/cm 2 ) from P (mps) pending more f i e l d  d a t a .  
Young's modulus as a f u n c t i o n  of P i s  p l o t t e d  i n  f i g u r e  4 .  Behavior 
of t h i s  parameter as a f u n c t i o n  of B i s  ve ry  similar t o  t h a t  of t h e  s h e a r  
modulus, and y i e l d i n g  an e y e - f i t t e d ,  s t r a i g h t - l i n e  equa t ion  of 
1nE = 2.07 1nP + 9.80,  
where E i s  Young's modulus (x lo1' dynes/cm 2 ) .  
F i g u r e  5 i s  a p l o t  of bu lk  modulus as a f u n c t i o n  of 8 .  Although 
t h e  d a t a  are s c a t t e r e d ,  t h e  bu lk  modulus shows a g e n e r a l  i n c r e a s e  w i t h  B .  
Labora tory  E l a s t i c  Moduli 
Labora tory  de t e rmina t ions  of dynamic and s t a t i c  e l a s t i c  moduli 
have been completed a t  t h i s  w r i t i n g  f o r  t h e  Sonora G r a n i t e ,  Kaibab 
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Limestone,  and Kana-a Basalt among t h e  s i t e s  s t u d i e d  f o r  SH waves. Dry 
b u l k  d e n s i t y ,  SH-wave v e l o c i t y ,  P-wave v e l o c i t y ,  Po i s son ' s  r a t i o ,  s h e a r  
modulus, Young's modulus, and b u l k  modulus f o r  t h e  dynamic d e t e r m i n a t i o n s  
are g iven  i n  t a b l e  2 .  
modulus, Young's modulus, and b u l k  modulus are  g iven  i n  t a b l e  3 .  
S t a t i c  de t e rmina t ions  of P o i s s o n ' s  r a t i o ,  s h e a r  
P o i s s o n ' s  r a t i o ,  s h e a r  modulus, Young's modulus, and bu lk  modulus 
a r e  p l o t t e d  as a f u n c t i o n  of t h e  dynamic d e t e r m i n a t i o n  of $ i n  f i g u r e s  
6 ,  7 ,  8 ,  and 9 ,  r e s p e c t i v e l y ,  f o r  c o r e s  from t h e  t h r e e  s i tes .  For  easy  
comparison, scales of t h e s e  i l l u s t r a t i o n s  are t h e  same as t h o s e  p l o t t e d  
f o r  t h e  i n  s i t u  v a l u e s .  
Because of t h e  present  s c a r c i t y  of d a t a ,  no conc lus ions  have been 
formed as t o  t h e  r e l a t i o n s h i p  of l a b o r a t o r y  moduli  t o  i n  s i t u  v a l u e s .  
However, l abo ra to ry  v a l u e s  p l o t  i n  a group i n  t h e  v i c i n i t y  of t h e  d a t a  
from t h e  most competent i n  s i t u  rock ,  t h e  Sonora G r a n i t e .  Th i s  obse r -  
v a t i o n  may sugges t  that  f r a c t u r i n g  and a s s o c i a t e d  v o i d s ,  i n s t e a d  of rock  
composi t ion,  are dominant f a c t o r s  c o n t r o l l i n g  i n  s i t u  p h y s i c a l  p r o p e r t i e s  
of nea r - su r face  g e o l o g i c  materials. 
b F r a c t u r i n g  Parameter  
F r a c t u r i n g  and a s s o c i a t e d  v o i d s  are dominant f a c t o r s  c o n t r o l l i n g  
i n  s i t u  phys i ca l  p r o p e r t i e s  of materials.  A s i n g u l a r  example of t h e  
e f f e c t s  of f r a c t u r i n g  on t h e  e l a s t i c  moduli  i s  t h e  d ive rgence  of d a t a  
from t h e  two Middle Mesa s i t e s ;  t h e  MMH s i t e  h a s  a lmost  no ,  b u t  t h e  MMT 
s i t e  h a s  numerous, v e r t i c a l  f r a c t u r e s  p e r p e n d i c u l a r  t o  t h e  s e i s m i c  
sp read .  The f r a c t u r e s  cause  a r a d i c a l  change i n  t h e  t r a n s m i s s i o n  of 
SH waves through t h i s  s t r u c t u r e .  
A u s e f u l  f r a c t u r i n g  parameter  t h a t  separates s i t e s  accord ing  t o  
t h e i r  degree  of f r a c t u r i n g  and a s s o c i a t e d  v o i d s  i s  
g = P  
0 
where 8 i s  t h e  f r a c t u r i n g  pa rame te r ,  p i s  d r y  b u l k  d e n s i t y ,  and C i s  
P o i s s o n ' s  r a t i o .  
i n  s i t u  and l a b o r a t o r y  d a t a  i n  f i g u r e  10. F i g u r e  10 i s  d i v i d e d  i n t o  
f o u r  s e c t i o n s  r e p r e s e n t i n g  t h e  fo l lowing  degrees  of f r a c t u r i n g :  






























































































































































obse rved ,  h ighly  competent rock ;  (2) s l i g h t  t o  moderate;  ( 3 )  moderate 
t o  heavy;  and ( 4 )  l o o s e l y  p i l e d  b locks  and a sh .  
Where n e a r - v e r t i c a l  f r a c t u r i n g  dominates i n  a t e s t  s i t e  material ,  
t h e  parameter  c a l c u l a t e d  from a spread  pe rpend icu la r  t o  t h e  f r a c t u r i n g  
w i l l  g i v e  a lower v a l u e  t h a n  t h e  parameter from a sp read  paral le l  t o  
t h e  f r a c t u r i n g .  This  e f f e c t ,  caused by impedance t o  SH waves t r a v e r s i n g  
f r a c t u r e  p l anes ,  can b e  used t o  de te rmine  t h e  d i r e c t i o n  of maximum 
f r a c t u r i n g  by va ry ing  t h e  d i r e c t i o n  of t h e  s e i s m i c  sp reads .  
It  i s  i n t e r e s t i n g  t o  n o t e  t h e  resu l t s  from t h e  Kana-a Basalt s i t e  
which, because of i t s  jumbled and p l a t y  s u r f a c e ,  l e a d s  one t o  t h e  assump- 
t i o n  t h a t  t he  rock i s  h e a v i l y  f r a c t u r e d .  However, t h e  f r a c t u r i n g  param- 
e t e r  8 p l o t s  i n  a range i n d i c a t i n g  s l i g h t  t o  moderate  f r a c t u r i n g ,  which 
i s  confirmed by p e n e t r a t i o n  of s o l i d  v e s i c u l a r  b a s a l t s  benea th  t h e  
s u r f a c e  of t h e  f low d u r i n g  d r i l l i n g  (Watkins and o t h e r s ,  1965).  
Conclusions 
Although t h i s  s tudy  i s  n o t  y e t  completed,  some p r e l i m i n a r y  conclu-  
s i o n s  have been reached.  The most obvious i s  that SH-wave d a t a ,  a long  
w i t h  P-wave and d e n s i t y  d a t a ,  can p o t e n t i a l l y  g i v e  s i g n i f i c a n t  informa- 
t i o n  about i n  s i t u  p h y s i c a l  p r o p e r t i e s  of  materials,  even though param-  
e t e r s  such as t h e  e l a s t i c  moduli  do no t  t h e o r e t i c a l l y  apply  t o  t h e s e  
n o n e l a s t i c  media. 
Data from s i t e s  s t u d i e d  thus  f a r  show t h a t  f r a c t u r i n g  and a s s o c i -  
a t e d  v o i d s ,  and n o t  rock composi t ion ,  are dominant p r o p e r t i e s  c o n t r o l -  
l i n g  t h e  i n  s i t u  p h y s i c a l  parameters of sha l low ( less  than  30 m) g e o l o g i c  
materials. The degree  of f r a c t u r i n g  and a s s o c i a t e d  v o i d s  of t h e  s i t e s  
can be  q u a l i t a t i v e l y  r e l a t e d  t o  a parameter 6 ,  d e f i n e d  as 
T h i s  8 can be  used as a r e l a t i v e  measure of f r a c t u r i n g  of rocks  encoun- 
t e r ed  dur ing  l u n a r  and t e r r e s t r i a l  s u r v e y s ,  and can  be  used to  de termine  
d i r e c t i o n  of dominant v e r t i c a l  o r  n e a r l y  v e r t i c a l  f r a c t u r e  p l anes  i n  
nea r - su r face  rocks .  
The shear  and bu lk  modul i ,  because  t h e i r  v a l u e s  f o r  t h e  t e s t  areas 
74 
can be closely approximated by SH-wave velocity alone, may be useful 
diagnostic parameters in preliminary seismic surveys. 
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Figure  3.--In s i t u  shear modulus V S .  SH-wave v e l o c i t y .  
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Figure  4 . - - I n  s i t u  Young's modulus v s .  SH-wave v e l o c i t y .  
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F i g u r e  7.--Laboratory s h e a r  modulus v s .  SH-wave v e l o c i t y .  
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I N  SITU BULK DENSITY MEASUREMENT AT S P FLOW, ARIZONA 
by Lawrence A .  Walters  
ABSTRACT.--Recent excavat ions  a t  S P f low,  a n  a n d e s i t i c  b a s a l t  f l ow 
of Recent age ,  have shown t h a t  t h e  i n  s i t u  bu lk  d e n s i t y  of materials 
l y i n g  w i t h i n  3 m of t h e  s u r f a c e  was 1 .23  g p e r  cc ,  a l though t h e  bu lk  
d e n s i t y  of t h e  i n d i v i d u a l  b locks  of a n d e s i t i c  b a s a l t  was 2.22 g p e r  c c .  
I f  t h e  same packifig arrangement w e r e  employed w i t h  low d e n s i t y  pumice 
b l o c k s ,  such as t h o s e  of t h e  Mono Craters,  C a l i f o r n i a ,  where d e n s i t i e s  
a s  low as 0.49 g p e r  cc  have been observed ,  t h e  i n  s i t u  bu lk  d e n s i t y  
would be approximate ly  0 .3  g p e r  cc .  
T 
I n t r o d u c t i o n  
I n  s i t u  b u l k  d e n s i t y  measurements were made on S P f low as p a r t  of 
t h e  con t inu ing  program of s tudy  of t h e  i n t e r r e l a t i o n s h i p s  of v a r i o u s  
p h y s i c a l  parameters  of l u n a r  analog m a t e r i a l s .  
S t u d i e s  of compressional  wave se i smic  v e l o c i t i e s  a s  a f u n c t i o n  of 
bu lk  d e n s i t i e s  sugges ted  t h a t  t h e  i n  s i t u  b u l k  d e n s i t y  of t h e  upper  
p a r t  of t h e  S P f low should be lower than  t h e  average  d e n s i t y  of 2.22 
g p e r  cc  determined f o r  i n d i v i d u a l  b locks  of t h e  l a v a .  Numerous v o i d s  
e x i s t e d  between t h e  b locks  of lava  on t h e  s u r f a c e  of t h e  f low,  b u t  t h e i r  
amount and v a r i a t i o n  wi th  dep th  of t h e  vo ids  was n o t  known. 
S P f low i s  a thoroughly f r a c t u r e d ,  b locky ,  a n d e s i t i c  b a s a l t  f low 
l o c a t e d  i n  t h e  n o r t h e r n  par t  of the  San F ranc i sco  v o l c a n i c  f i e l d  ( f i g .  1) .  
The f low extends  4 . 5  miles  n o r t h  from t h e  base  of S P C r a t e r  and i t s  
maximum i s  about  1 . 5  mi les  wide.  The maximum th i ckness  probably does 
no t  exceed 200 f t .  The S P C r a t e r ,  a contemporary c i n d e r  cone ,  i s  t h e  
s o u r c e  of t h e  f low.  Sabels  (1960) da t ed  t h e  f low a t  about  1300 y e a r s .  
The f low c o n s i s t s  of l oose ly  packed, a n g u l a r ,  polygonal  b locks  of 
l a v a  t h a t  range i n  s i z e  from l e s s  t han  1 inch  t o  g r e a t e r  than  5 f t  i n  
t h e i r  l a r g e s t  dimension.  Abundant f i n e s  c o n s i s t i n g  of a sh  and r e s i d u a l  
weather ing  products  a r e  found i n  t h e  vo ids  between t h e  b locks  of l a v a .  
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F i g u r e  1.--Location of s P f l o w  r e l a t i v e  t o  prominent  t e r r a i n  a n d  
c u l t u r a l  Lcaturcs  of  n o r t h - c e n t r a l  Ar izona .  
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The l ava  i s  d a r k  g ray  t o  b l ack  and a t  p l a c e s  weathers  t o  r e d d i s h  brown. 
Pe t rog raph ic  D e s c r i p t i o n  
Modal composition of t h e  S P a n d e s i t i c  b a s a l t s  i s  as f o l l o w s :  
- , o  ,,o 26 p e r c e n t ) ;  d i o p s i d i c  a u g i t e  ( 2 v z  = 30 - O L  ; 2G 40-48 ' andes ine  (An 
p e r c e n t ) ;  o l i v i n e  (2 p e r c e n t ) ;  brown g l a s s  (n = 1.540 f .003; 36 per- 
c e n t ) ;  v e s i c l e s  (12  p e r c e n t ) ;  and magne t i t e  ( t r a c e )  Loney (1965).  I n  
g e n e r a l ,  t h e  rock i s  a f i n e - g r a i n e d  a n d e s i t i c  b a s a l t  w i t h  s m a l l ,  f l a t -  
tened  v e s i c l e s .  It has a p o r p h y r i t i c  h y a l o p i l i t i c  t e x t u r e  i n  which 
brown g l a s s  occupies  t h e  i n t e r s p a c e s  between t h e  l a t h s  of p l a g i o c l a s e  
and t h e  p r i s m s  of pyroxene. The v e s i c u l a r i t y  of t h e  rocks ranges  from 
a lmost  ze ro  t o  g r e a t e r  than 50 p e r c e n t .  
D 
Techniques 
An a r e a  w a s  s e l e c t e d  where the  compress iona l  wave v e l o c i t y  of t h e  
upper u n i t  of t h e  f low was l o w  and where r e l i e f  w a s  minimal. A l e v e l  
f r a m e  of 2 i n .  x 6 i n .  b o a r d s ,  10  f t  x 10 f t  w a s  e r e c t e d  ( f i g .  2 a ) .  
The frame was b raced  and t h e  co rne r s  and b r a c e s  were cemented t o  t h e  
s u r f a c e  of t h e  flow. 
A t h i n  p i e c e  of canvas w a s  placed over  t h e  l a v a  i n s i d e  t h e  frame, 
making c e r t a i n  t h a t  i t  conformed ve ry  c l o s e l y  t o  t h e  a c t u a l  relief on 
t h e  top  of t h e  flow. A t h i n  p l a s t i c  t a r p  was p laced  on top of t h e  
canvas and t h e  edges draped ove r  t h e  upper edge of t h e  wooden frame. 
Water w a s  pumped i n t o  t h e  p l a s t i c  pool  u n t i l  t h e  h i g h e s t  p o i n t  on t h e  
f l o w  w a s  j u s t  covered by w a t e r  ( f i g .  2b) .  The l e v e l  of t h e  wa te r  w i t h  
r e s p e c t  t o  t h e  wooden frame and the  volume of t h e  wa te r  were r eco rded .  
The tarps were removed, and t h e  rock bounded by t h e  frame w a s  
excavated  t o  a dep th  of 9 . 5  f t  ( f i g .  2c) and weighed. The f r e e z i n g  of 
m o i s t u r e  w i t h i n  t h e  flow a t t ached  f i n e s  t o  a d j a c e n t  b locks  of l a v a  and 
none of t h e  f i n e s  were l o s t  due t o  s i f t i n g  ahead of t h e  l e v e l  of 
e x c a v a t i o n .  
A s  t h e  excava t ion  progressed,  t h e  wal ls  were sprayed a t  n i g h t  w i t h  
a f i n e  m i s t  of wa te r  from a f r u i t  s p r a y e r .  This  wa te r  f r o z e  t o  t h e  
o u t e r  s u r f a c e  of t h e  w a l l s  and cemented t h e  loose  b locks  t o g e t h e r ,  thus 
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Figure 2.--Photographs showing excavation at S P flow. Top left, erection 
of rigid reference frame; top right, volume measurement of irregular 
surface of the flow; bottom left, cross section of lava flow in the 
wall of the excavated pit; bottom right, excavated pit, lined with 
plastic, being filled with water. 
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s t a b i l i z i n g  t h e  walls and prevent ing  c a v e - i n s .  A d d i t i o n a l  water w a s  
pumped i n t o  t h e  f low a few f e e t  behind t h e  w a l l s  of t h e  p i t  t o  provide  
a d d i t i o n a l  suppor t  when i t  f r o z e .  During t h e  day ,  w h i t e  tarps were 
p laced  ove r  t h e  iced w a l l s  t o  prevent  t h e  b l a c k  rocks from abso rb ing  
enou@ iledt L -  U Lauac. --. I^ ...nltinn LLLLLL.A . .e .  This terhnique w a s  s u c c e s s f u l  on a l l  w a l l s  
except  t h e  n o r t h  w a l l ,  which melted because  of long exposure  t o  t h e  sun 
each day. Add i t iona l  c r i b b i n g  of 2 i n .  x 6 i n .  t imber  w a s  needed t o  
s t a b i l i z e  t h i s  w a l l .  
The completed p i t  w a s  l i n e d  wi th  canvas t a r p s .  A 30 f t  x 32 f t  
p l a s t i c  t a r p  w a s  p laced  on t o p  of the  canvas and i t s  edges draped ove r  
t h e  wooden frame ( f i g .  2d) .  The p l a s t i c - l i n e d  p i t  w a s  f i l l e d  w i t h  
water t o  t h e  same l e v e l  r e l a t i v e  t o  t h e  frame as i t  w a s  b e f o r e  excava t ion .  
The wa te r  l e v e l  was measured a t  e i g h t  p l a c e s  around t h e  frame. S i x  
measurements were i d e n t i c a l ,  b u t  two on t h e  n o r t h e a s t  c o r n e r  i n d i c a t e d  
t h a t  t h a t  c o r n e r  had s e t t l e d  .25  inches .  S ince  i t  i s  r easonab le  t o  
assume t h a t  t h e  c o r n e r  would on ly  move d i f f e r e n t i a l l y ,  t h e  s i x  i d e n t i c a l  
measurements i n d i c a t e  t h a t  most of t h e  frame remained s t a t i o n a r y .  The 
volume of water needed t o  j u s t  completely cover  t h e  t o p  of t h e  f low be- 
f o r e  t h e  excava t ion  w a s  s u b t r a c t e d  from t h e  volume needed t o  f i l l  t h e  
p i t  t o  t h e  same l e v e l  a f t e r  t h e  excava t ion .  
Re  su 1 t s 
The excava t ion  y i e l d e d  37,819.5 l b  of m a t e r i a l  and t h e  volume of 
t h e  p i t  w a s  487.7 cu f t .  
I f  t h e  p l a s t i c  and canvas tarps d i d  n o t  conform e x a c t l y  t o  t h e  
c o n f i g u r a t i o n  of t h e  p i t ,  t h e  above measured volume would be t o o  small 
r e l a t i v e  t o  t h e  a c t u a l  volume. It does n o t  seem l i k e l y  t h a t  t h e  above 
measurement could be i n  e r r o r  by more than 5 cu f t .  T h e r e f o r e ,  t h e  
maximum volume of t h e  p i t  could not be g r e a t e r  than 492.7 cu f t .  
The s c a l e s  used i n  weighing t h e  excavated m a t e r i a l  were a c c u r a t e  
t o  * 0 .5  l b  i n  250-lb l o t s ,  s i n c e  160 l o t s  were weighed, t h e  f i g u r e  
of 37 ,819 .5  l b  i s  a c c u r a t e  t o  k 80 l b .  
Hence, t h e  bulk  d e n s i t y  measurement has  t h e  fo l lowing  range of 
e r r o r :  
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37,819.5 l b  rock x .01602 = 1.24 g p e r  cc  
487.7 cu f t  
37,739.5 l b  rock x .01602 = 1.24 g p e r  cc  
487.7 cu f t  
37,819.5 l b  rock x .01602 = 1.23 g p e r  cc  
492.7 cu f t  
37,739.5 l b  rock x .01602 = 1 .23  g p e r  cc. 
492.7 cu f t  
Hence, t he  bu lk  d e n s i t y  of t h e  upper  9 .5  f e e t  of t h e  S P f low a p p e a r s  
t o  be  1.235 * .005. 
Conclusions 
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This  measurement sugges t s  t h a t  i t  may b e  p o s s i b l e  t o  account  f o r  
t h e  low-densi ty  l a y e r  thought  t o  e x i s t  on t h e  l u n a r  mare s u r f a c e s  wi th -  
ou t  invoking e x t r a t e r r e s t r i a l  p rocesses .  A t  S P f low,  t h e  b u l k  d e n s i t y  
of m a t e r i a l s  l y ing  w i t h i n  3 rn of t h e  s u r f a c e  was  1 .23  g p e r  cc  a l though  
t h e  b u l k  d e n s i t y  of i n d i v i d u a l  b locks  of l a v a  w a s  2.22 g p e r  c c .  If 
t h e s e  blocks were rep laced  i n  t h e  same packing arrangement by pumice 
b l o c k s ,  whose i n d i v i d u a l  bu lk  d e n s i t i e s  range  down t o  0.49 g p e r  c c ,  
t h e  average bulk  d e n s i t y  of t h e  composi tc  b locks  could be  approximate ly  
0 .3  g p e r  cc .  
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AUTOMATIC DATA PROCESSING 
by J e a n  Claude D e  Bremaecker and James H. Whitcomb 
ABSTRACT.--Computer programs have been w r i t t e n  f o r  t h e  d i g i t a l  a n a l -  
y s i s  of s e i smic  d a t a .  These programs provide  s p e c t r a l  a n a l y s i s ,  s i n g l e  
o r  mul t i channe l  f i l t e r i n g ,  v e l o c i t y  f i l t e r i n g ,  c r o s s  c o r r e l a t i o n ,  au to -  
c o r r e l a t i o n  and computation of t h e  t r u e  ground motion. 
For maximum f l e x i b i l i t y  , subrou t ines  , which perform t h e  a c t u a l  
computations on t h e  se i smic  d a t a ,  a r e  c o n t r o l l e d  by ma in - l ine  programs 
which can be  changed t o  s u i t  t h e  programmer's needs w i t h  l i t t l e  pro- 
gramming e f f o r t .  
f o r  a CDC 3600, are a v a i l a b l e  upon r e q u e s t .  
The s u b r o u t i n e s  and /o r  main- l ine  programs, w r i t t e n  i n  FORTRAN I V  
I n t r o d u c t i o n  
Our a i m  has  been t o  provide  a l l  of t h e  programs n e c e s s a r y  f o r  t h e  
u s u a l  t r ea tmen t  of s e i smic  d a t a  i n  d i g i t a l  form. Broadly speak ing ,  
t h i s  i nc ludes  s p e c t r a l  a n a l y s i s ,  s i n g l e  o r  mul t i channe l  f i l t e r i n g ,  v e l o c -  
i t y  f i l t e r i n g ,  c r o s s  c o r r e l a t i o n ,  a u t o c o r r e l a t i o n  and computation of t h e  
t r u e  ground motion. Other  a s p e c t s  of d a t a  a n a l y s i s  may be added as t h e  
' need arises.  Genera l  r e f e r e n c e s  on s p e c t r a l  a n a l y s i s  are Blackman and 
Tukey (1959),  Lee (1961) , and Lanczos (1956). 
P r o j e c t  philosophy i n  programming has  been t o  s u b r o u t i n i z e  oper -  
a t i o n s  i n  o r d e r  t o  provide  maximum f l e x i b i l i t y  and t o  make "debugging" 
e a s i e r .  The s u b r o u t i n e s  a n d / o r  main- l ine  programs, w r i t t e n  i n  FORTRAN I V  
language f o r  a CDC 3600, are a v a i l a b l e  upon r e q u e s t .  D e s c r i p t i o n s  of t h e  
s u b r o u t i n e s  and t h e i r  f u n c t i o n s  a r e  g i v e n ,  fo l lowed by some examples of 
t h e  u s e  of t h e s e  s u b r o u t i n e s  i n  ma in - l ine  programs. 
Subrout ines  
The fami ly  of s u b r o u t i n e s  t i t l e d  UNPACK reads and s t o r e s  a group 
of ana log  t r a c e s  i n  d i g i t a l  form. I n d i v i d u a l  t r a c e s  a r e  then  unscram- 
b l e d  from t h e i r  o r i g i n a l  d a t a  form and s t o r e d  i n  a m a t r i x  i n  t h e  computer, 
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making them ready f o r t u r t h e r  computat ions.  The UNPACK fami ly  of sub- 
r o u t i n e s  is  a p r e r e q u i s i t e  f o r  any a n a l y s i s  of t h e  se i smic  d a t a  and i s  
t h e  f i r s t  s u b r o u t i n e  inco rpora t ed  i n  any ma in - l ine  program. 
TRNSFRM 
This s u b r o u t i n e  computes t h e  ampl i tude  spectrum of a f u n c t i o n  which 
i s ,  i n  t h i s  c a s e ,  t h e  d i g i t i z e d  se i smic  t r a c e .  The method uses  a n  approx- 
imat ion  t o  t h e  i n t e g r a l  known as "F i lon ' s  method." 
i n  many textbooks on numerical  a n a l y s i s  which d e a l  w i t h  q u a d r a t u r e s  
(Hamming , 1962). 
The method i s  g iven  
W C O R  
The o b j e c t  of t h e  W C O R  s u b r o u t i n e  i s  t o  c o r r e c t  t h e  obvious 
d i g i t i z a t i o n  e r r o r s  i n  t h e  d i g i t i z e d  seismic r eco rd .  I n  g e n e r a l ,  t h e  
method computes t h e  s t anda rd  d e v i a t i o n  of a l l  t h e  d i g i t i z e d  v a l u e s  and 
then  compares each v a l u e  f o r  v a l i d i t y  w i t h  t h e  magnitude of f i v e  times 
t h e  s tandard  d e v i a t i o n .  I f  one o r  two e r r o r s  i n  a row are d e t e c t e d ,  
they are smoothed o v e r ,  u s i n g  a d j a c e n t  v a l u e s ,  b u t  i f  t h r e e  o r  more e r r o r s  
a r e  d e t e c t e d ,  t h e  record  i s  d i s c a r d e d  and no computat ions a re  made.  
DETREND 
I n  order  t o  e l i m i n a t e  e r r o r s  caused by a b i a s i n g  of t h e  d a t a  i n  
computat ions,  a least squa res  s t r a i g h t  l i n e  i s  c a l c u l a t e d  f o r  t h e  
se i smic  t r a c e  d a t a .  The leas t  squa res  l i n e  i s  s u b t r a c t e d  from t h e  d a t a  
p r i o r  t o  a n a l y s i s  by a n o t h e r  s u b r o u t i n e  o r  t h e  m a i n - l i n e  program. 
CONVO 
Th i s  sub rou t ine  p e r m i t s  f i l t e r i n g  d a t a  by even f i l t e r s .  The pro-  
c e s s  i n  d i g i t a l  a n a l y s i s  i s  c a l l e d  convo lu t ion  o r  r e c t a n g u l a r  i n t e g r a -  
t i o n  and i t s  ana log  e q u i v a l e n t  can b e  thought  of as a f requency  f i l t e r  
of  v a r i a b l e  bandpass wid th  and shape.  
v a r i e d  by the programmer and a r e l a t i v e l y  narrow bandpass  resporlse 
be  obta ined .  
The shape  of t h e  f i l t e r  c a n  b c  
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PYSLICE 
The s u b r o u t i n e ,  PYSLICE, v e l o c i t y - f i l t e r s  a d j a c e n t  s e i s m i c  t r a c e s  
of a record as d e s c r i b e d  i n  Embree and o t h e r s  (1963) .  
i i u i i  ~f P'PSLICE i s  to f i l t e r .  us ing  t h e  CONVO s u b r o u t i n e ,  t r a c e s  of t h e  
se i smic  record by a g i v e n ,  even f i l t e r .  Then, ampl i tudes  of a d j a c e n t  
t r a c e s  a r e  added w i t h  v a r i o u s  t ime s h i f t s  t o  provide  t h e  v e l o c i t y  f i l t e r -  
i ng  e f f e c t .  
The g e n e r a l  opera-  
AUTOCOR 
AUTOCOR computes t h e  a u t o c o r r e l a t i o n  f u n c t i o n  f o r  a g i v e n  window 
and g iven  maximum phase s h i f t  of t h e  s e i s m i c  t r a c e .  D i g i t a l l y ,  t h e  
p rocess  simply m u l t i p l i e s  a t i m e  window by t h e  same window at  v a r i o u s  
phase s h i f t s .  The f u n c t i o n  has  no real p h y s i c a l  s i g n i f i c a n c e  i n  i t s e l f ,  
b u t  may prove u s e f u l  f o r  i n t e r p r e t a t i o n  of s e i s m i c  d a t a .  
CROCOR 
I 
C r o s s c o r r e l a t i o n  of a d j a c e n t  t r a c e s  i s  computed by CROCOR, g i v e n  a 
s p e c i k i e d  time window and maximum phase s h i f t .  
v i d e s  a measure of c o n t i n u i t y  of s i g n a l  from t r a c e  t o  t r a c e ;  however, 
as i n  AUTOCOR, i t  has no p h y s i c a l  s i g n i f i c a n c e  except  as an a i d  t o  
i n t e r p r e t a t i o n .  
The f u n c t i o n  thus  pro- 
Main-Line Programs 
The s u b r o u t i n e s  d e s c r i b e d  i n  t h e  prev ious  s e c t i o n  can be  c a l l e d  by 
a main- l ine  program t h a t  i s  w r i t t e n  t o  perform one o r  more d i g i t a l  a n a l -  
y s i s  computations on a reco rd .  These ma in - l ine  programs are f l e x i b l e  
and can be r e v i s e d  w i t h  l i t t l e  e f f o r t  on t h e  programmer's p a r t .  Examples 
of ma in - l ine  programs i n  use  a r e  g i v e n  below. 
ATTNALN 
The purpose of t h e  ATTNALN i s  t o  f i n d  t h e  ampl i tude  s p e c t r a  f o r  
a g i v e n  time window of a l l  t h e  t r a c e s  of any number of s u c c e s s i v e  d i g -  
i t i z e d  ana log  r e c o r d s .  The program uses UNPACK, C " C O R ,  DETREND, and 
TRNSFRN i n  success ion  f o r  each ana log  r eco rd .  
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CORLAT 
The autocorrelation function for a given time window for each t r a c e  
of any number of successive digitized analog records is computed usi.ng 
UNPACK, CHANCOR, and AUTOCOR in succession for each analog record. 
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PLANS FOR THIRD QUARTER, FISCAL YEAR 1966 
by J o e l  S. Watkins 
Opera t ions  i n  t h e  t h i r d  q u a r t e r  of F i s c a l  Year 1966 w i l l  be  s t r o n g l y  
o r i e n t e d  toward de termining  i n  s i t u  s e i s m i c  and e n g i n e e r i n g  p r o p e r t i e s  
of low-dens i ty  materials. One promising s i t e  which i s  y e t  t o  be  recon- 
n o i t e r e d  i s  t h e  Lompoc s i t e  i n  Southern C a l i f o r n i a ,  which c o n s i s t s  of 
a t h i c k  accumula t ion  of diatomaceous e a r t h .  Loess i n  t h e  Denver r e g i o n ,  
mine t a i l i n g  dumps a t  borax  and b e n t o n i t e  mines a l s o  seem promising as 
models f o r  s tudy of very  low-density materials. A s  t h i s  r e p o r t  i s  be ing  
p repa red ,  p re l imina ry  d a t a  from White Sands, New Mexicq i n d i c a t e  t h a t  
t h e  bu lk  d e n s i t y  of gypsum sands i s  somewhat h i g h e r  t h a n  a n t i c i p a t e d ;  
consequen t ly ,  no f u r t h e r  s tudy  i s  a n t i c i p a t e d  f o r  t h a t  s i t e .  
An e x t e n s i v e  s u i t e  of SH-wave measurements w i l l  b e  conducted on 
s e v e r a l  of t h e  s i t e s  n o t  p rev ious ly  examined. Because t h e  SH-wave de- 
t e c t i o n  technique  u t i l i z i n g  angular  acce le romete r s  was d i scove red  long 
a f t e r  t h e  i n c e p t i o n  of t h e  P-wave v e l o c i t y  a t t e n u a t i o n  and frequency 
measurements, s e v e r a l  of t h e  e a r l i e r  P-wave s tudy  s i tes  have y e t  t o  be  
s t u d i e d  f o r  SH-wave c h a r a c t e r i s t i c s .  
Coring i s  now under way a t  the sou th  r i m  of Meteor C r a t e r  and i s  
expec ted  t o  be f i n i s h e d  sometime n e a r  t h e  end of February .  Coring w i l l  
t h e n  s t a r t  a t  Middie Pksa and will be followed by c o r i n g  a t  S i e r r a  Ancha. 
Automatic d a t a  p rocess ing  and p e t r o g r a p h i c  a n a l y s e s  of g e o l o g i c  d a t a  
w i l l  con t inue  a long  l i n e s  i n d i c a t e d  i n  t h e  i n t r o d u c t i o n .  Completion 
g o a l s  f o r  all Pe t rog raph ic  ana lyses  and computer programs are June  1, 1966. 
P h y s i c a l  p r o p e r t i e s  of a v a i l a b l e  c o r e s  w i l l  be  measured du r ing  t h i s  
q u a r t e r  and p h y s i c a l  p r o p e r t i e s  measurements from a l l  t es t  s i t e s  w i l l  be 
completed by June  1, 1966. 
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